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DISCLAIMLRS 

The  findings in this  report  arc not  to be construed as  an official 
Department of the Army position unless so designated by other official 
documents. 

Khcn Ciovcrnmcnt drawings,  specifications, or other data arc used for 
any purpose other than in connection with a definitely related Covern- 
ment  procurement operation,  the U.  S. Covcrnmcnt  thereby  incurs no 
responsibility nor any obligation whatsoever;  and the  fact  that  the 
Government may have formulated,   furnished, or in any way supplied the 
said drawings,  specifications,  or other data  is not to be regarded by 
implication or otherwise as  in any manner licensing  the holder or any 
jther person or corporation, or conveying any rights or permission,  to 
nanufacture, use,  or sell  any patented  invention that may in any way 
be related thereto. 

Trade names cited  in this report do not constitute an official  endorse- 
ment or approval  of the use of such commercial  hardware or software. 

DISPOSITION  INSTRUCTIONS 

Destroy this report when no  longer needed.    Do not return  it  to  the 
originator. 
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AHMV Al»  MOHILITV   «EbEARCM   «   DEVeLOPMENT  LABORATORY 

EUSTIS  DIRECTORATE 
M)H?   EUSTIS, VIRGINIA  23604 

This is one of a numbir of parallel studies examining various rotor 
blade design concepts emphasizing reliability and maintainability. 
Other concepts that have been studied are repairable and sectlonalIzfcd 
rotor blade designs, A parallel expendable rotor blade study has been 

performed by Sikorsky Aircraft.  These design studies are aimed at 
achieving considerable improvement in rotor blade R&M characteristics, 
thereby reducing life-cycle cost.  To achieve comparability, all blade 
designs are required to match UH-1D/H characteristics, and life-cycle 
cost is compared to that for the UH-1D/H. 

This study concentrated on designing a lew-cost rotor blade that is 
more cost effective to scrap than to return for depot level repair.  The 
design selected featured a spar assembled from formed stainless steel 

sheet with the afterbody fabricated from Noraex honeycomb and fiberglass 
skins.  It was calculated that the blade life-cycle cost would be one- 
third less than that of the current UH-1D/H. 

The cost results, although valid for comparative purposes, cannot be 
considered on an absolute scale.  The blade design selected and the repair 
kits and procedures arrived at in this study must also be tested under 
operational conditions, as must the structural integrity of the repaired 
blade. 

The conclusion that field-expendable rotor blade designs, as presented 
in this Phase I report, are cost effective Is supported by the results 

of the parallel design study, although a different design approach was 
selected.  A Phase II report with comparative radar cross-section mea- 
surements for simulated Design II and UH-1 rotor blades is in preparation. 
The results of this study and other related efforts are being considered 
in a recently initiated procurement for the design and development of a 
field-repairable/expendable rotor blade concept. 

The program was conducted under the technical management of Philip J. 
Haselbaucr, Technology Applications Division, with engineering support from 
Joseph K. McGarvey, Military Operations Technology Division. 
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SUMMARY 

This report presents the results of a design study performed 
to determine the feasibility and cost advantages of expendable 
main rotor blades.  The concepts investigated were designed 
to match the Army UH-1H helicopter parameters.  The blade 
concepts were examined from the technical feasibility, manu- 
facturing cost, repairability, and maintainability stand- 
points, all of which were integrated into an overall life- 
cycle cost analysis. 

Four concepts were investigated, of which three were pro- 
jected to have life-cycle costs lower than those of the 
current UH-1H main rotor blade.  A blade of simplified all- 
aluminum construction was shown to have the lowest initial 
procurement cost, while one fabricated from stainless steel 
sheet and glass-fiber-reinforced plastic was projected to 
have the lowest overall life-cycle costs. 

The recommendation is made that detail design be undertaken 
of a stainless steel and fiberglass blade, and that an 
evaluation quantity be built. 

in 

  J 
timmmi  nnmnmiiiiii       ,.i^^MM.aMMMM^^^..^ .„- .^ 



^—■ ....■.■,.,.^,1«.,—■».uMi.i. mi  »iiuiiiMi    im».. '""iii^wip.niiiimii.iu i in iiii)MiiiiimiiwiiPM|»|i|i.iii iij'üiiii.p-i .■ i>- IL. i »iinijiiiiiiiiiniiji)    11 m ,i 1..11111, ■-,,,       ■ miinwi^rnwiPWIf 

FOREWORD 

This design study of expendable main rotor blades for heli- 
copters was performed under Phase I of Contract DAAJ02-71-C- 
0041 (DA Task IF162205A11901) with the Eustis Directorate, U.S 
Army Air Mobility Research and Development Laboratory, Fort 
Eustis, Virginia, under the general technical cognizance of 
Mr. Philip Haselbauer of the Structures Division.* This ex- 
pendable blade study is one of several being performed to 
investigate means of reducing overall roi:or blade costs to 
the Army.  Other studies cover repairable and sectionalized 
blade concepts. 

The authors acknowledge the contributions made by Messrs. J.D. 
Carroll, F. Starses (who wrote, respectively, the reliability 
and naintainability sections), G. P. Basile, G. Halvorsen, 
D. H. Lathrop, F. A. Ruocco, and P. Sevenoff of the Kaman 
Aerospace Corporation technical staff. 

'Name changed to Technology Applications Division 
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DISCUSSION 

All helicopter rotor blades are repairable  to some degree, 
but the decision whether to repair any  specific external or 
inherent damage or  to scrap the blade  is dependent on a 
complex relationship between many  factors.     Logistics,   cost 
of repair,   availability of technically qualified personnel, 
initial cost,   availability of  new blades,   remaining allowable 
service  life,   and  reliability  and  performance  of   the repaired 
blade must  all  be  considered.     At   the  extremes  of  the  initial 
cost  spectrum,   the  decision  in  any  specific   instance  is 
relatively  clear-cut:     a very expensive blade  should be  re- 
paired whenever possible,  whereas  an  inexpensive blade  can be 
economically  scrapped before making  even a  relatively simple 
repair.     Because the most expedient and reliable approach  is 
always  to scrap the blade,   the aim of  this  study is to deter- 
mine methods of reducing the life-cycle cost of helicopter 
main rotor blades by reducing  initial  cost. 

Any new rotor blade must meet the requirements of the heli- 
copter on which it will be installed and of  the missions on 
which  it will be used.    Although this  study  is general  in its 
applicability,   the validity of each concept  should be tested 
by its  suitability  for a particular aircraft.     Therefore,   the 
blade concepts  studied in this program are designed to be 
flown on the Army UH-1H helicopter,   and all  the significant 
design parameters  have been chosen  to meet  this objective. 
The present UH-1D/H main rotor blade provides  the basis of 
comparison for the blade weight,   strength,  bending stiffnesses 
in- and out-of-plane,   natural  frequencies,   static and dynamic 
bending moments,   static droop,  mass balance,   centrifugal  loads, 
and aerodynamic characteristics.     The minimum deviation from 
these characteristics has been sought for each of the concepts 
studied. 

The first  step to take in cost reduction is  in the direction 
of simplification.     For this reason,  minor differences,  par- 
ticularly in the distribution of section properties,  have 
been considered acceptable.     The airfoil contour of three of 
the four concepts  studied has been  simplified by moving  the 
maximum thickness  location forward  to allow for straight 
flanks  over most of   the aft section,  but  the  effect on aero- 
dynamic  characteristics will be negligible.     In all of  the 
concepts,   no taper or  straight  structural tapers have been 
incorporated,   avoiding structural  steps  and discontinuous 
components,   significantly reducing  the  number of detail  parts. 
In all  of  the concepts except the  fourth,  which was dis- 
carded  for  other  reasons before  completion of  the  study,   the 

ÜM ,^.- . ...^   - .....--..-...■..._.,,...         MilillMKIiltir ^^^at^Mmm^m^^^M^^M 



— ■■— -   ■■» 

1 

overall mass, inertia, balance, and static properties of the 
UH-1H main rotor blade have been almost,, but not exactly, 
equalled.  The minor refinements required to finalize the 
overall properties are considered more properly accomplished 
in the detail design phase than in a conceptual study such as 
this.  Detail changes, such as the addition of tip weights, 
are shown to have sufficient effect that all desired charac- 
teristics can be achieved without difficulty.  Because of 
design differences, particularly in spanwise mass distribution, 
it is impractical to equal all the physical parameters ot the 
present blade.  For example, although it is possible to 
duplicate the total weight and the first moment about the 
center of rotation (and consequently, the centrifugal force) , 
the second moment will be slightly different.  Such minor 
changes will not affect flying qualities. 

This same limitation applies zo  the method proposed for 
achieving dynamic interchangeability between the blades in a 
production series, since the blades can only be mass balanced 
to correct two of the design parameters.  Again, however, the 
slight variations in the other parameters arising from manu- 
facturing tolerances will have no effect on flying qualities, 
and will, in fact, be at least as close as is typical of any 
rotor blade production series, including the current UH-1H 
blades. Mass balance is corrected during production by the 
adjustment of two variable weights in the tip, forward and 
aft of the mass axis. The same variable weights can be used 
to correct the balance after minor repairs. 

Early in the study, it became apparent that a completely 
expendable blade would be impractical.  No matter how inex- 
pensive the blade, there would always be some minor damage 
which could be blended out, filled, or painted over with such 
small effort that abandonment of the blade would be uneconomic. 
It was decided, therefore, that the level of expendability 
would be limited to damage sufficiently extensive to require 
return to a fully equipped repair depot.  Those repairs which 
could be performed in the field, either at the organizational 
or intermediate maintenance level, with normally available 
personnel, tools, and materials, were considered acceptable. 
Fox.   the three blade design concepts for which this study is 
completed, a repairability study is therefore included. 

Since the frequency of repair or scrappage is a significant 
factor in the overall life-cycle costs, a survivability 
analysis has been performed.  Any design features which could 
be expected to have a deleterious effect on reliability were 
avoided, if possible, in each of the design concepts. 

^mm 
J 



1 ' ■■' ■ — ■ 

The life-cycle costs have been derived based on those basic 
factors of initial cost, survivability, and repairability. 
The three design concepts studied to completion are compared 
on this basis with each other and with the present UII-lD/M 
main rotor blade. 
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ANALYSIS MKTHODOLOGY 

Tho detail analysis pen irnu-d on each of Un1 concepts 
evaluateJ consists of four phases:  the technical analysis 
(section propi'rties, wciqht and balance, dynamic loads and 
moments, and stress analysis), the reliability analysis, the 
maintainability analysis, and a life-cycle cost analysis 
which synthesizes the results of the previous analyses into a 
presentation of the cost per blade for tho operational life 
of a fleet of helicopters.  Integrated into the life-cycle 
costs are the manufacturing costs associated with each design 
concept.  One design concept proved to have prohibitively 
high manufacturing costs and was dropped from the study 
before initiation of the reliability analysis phase. 

Technical Analysis 

The contractor's standard computer program was used to 
generate the mass and stiffness properties of the significant 
cross sections of each design.  This program accepts a series 
of coordinates describing points on the boundary of each 
component, and generates the geometric properties (area, 
centrcid, and first and second moments of area about a pair 
of orthogonal axes, and the product of inertia about these 
axes) of the component section.  These geometric properties 
are then multiplied by the respective material weight den- 
sities and summed, giving the total section weight and 
inertia per unit length and section center of gravity, and by 
the respective material moduli of elasticity, which are 
summed for the total section axial and bending stiffnesses 
and the neutral axis.  For unsymmetrical sections, the mass 
and stiffness principal axes can be determined by equating 
the mass and stiffness products of inertia to zero.  All 
four design concepts, however, have symmetrical airfoil 
sections, while only Design 3 has slightly unsymmetrical 
internal structure.  The chord plane, therefore, lies along 
one principal axis in three concepts and is insignificantly 
displaced from it in Design 3. 

The section properties so generated were then introduced into 
the contractor's standard dynamic analysis programs, and 
natural frequencies and dynamic (flight) bending moments were 
determined.  Integrated blade weight and balance and static 
bending moments and deflections were found using another 
computer program. 

Finally, standard plane section stress analysis techniques 
utilizing the section properties and dynamic bending moments 
were used to determine flight stresses and fatigue margins 
of safety, as described in the stress analysis section. 

  ^HjUMMMIMIMMMIi 
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Reliability Analysis 

The reliability and survivability of Designs 1, 2,   and 3 were 
evaluated using the known history of the current UH-1D/H main 
rotor blades as a base (Table H-I of Reference 2).  The 
incidents in the reference were expanded to provide a failure 
modes and effects analysis for the current blade (see Appen- 
dix I), and the number of occurrences of each incident was 
adjusted to agree with those given in the reference. 

The failure modes and effects analysis generated for the 
current blade was then modified for each of the expendable 
design concepts, by adjusting for the known and anticipated 
characteristics of the materials and details specified for 
each design. 

The relative survivability characteristics of each of the 
three expendable concepts could thus be compared with each 
other and with the current UH-1D/H main rotor blade. 

Maintainability Analysis 

Each of the types of damage investigated and evaluated in the 
failure modes and effects analyses was examined to determine 
its repairability.  This examination determined the ultimate 
disposition of each damage incident: whether it should be 
repaired at the organizational or intermediate level, or 
whether it should be scrapped. 

For those types of damage for which a repair was considered 
acceptable, the man-hours to perform the repair and the 
material costs associated with them were generated.  From 
these figures and those for scrappage, the maintenance costs 
per unit of blade and aircraft life were determined. 

Life-Cycle Costs 

For each of the three acceptable expendable blade design 
concepts, the manufacturing labor, material, and burden costs 
were analyzed, and the initial cost of varying production 
quantities at varying rates of production was determined for 
each design.  These costs were obtained on a basis comparable 
with that for the current blade. The 10,000th unit was used 
for the comparison. 

These initial costs (to the Army) were combined with main- 
tenance, replacement, and attrition costs to give the total 
life-cycle costs, using the cost model below. 
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Cost Model 

The cost model proposed lo develop expendable blade program 
costs is shown schematically in Figure 1.  The model is 
arranged to generate costs per aircraft life cycle in the 
following three categories: 

1. Initial Costs 
2. Operating Costs 
3. Attrition Costs 

It should be noted here that attrition in this program is 
used to denote blades lost to other than blade damage events, 
and is included to provide a realistic appraisal of the total 
blade requirement during the program life cycle. 

Input data for the cost model consists of a given expendable 
blade design concept and a distribution of external blade 
damage events supplied by the Army as shown in Appendix I. 
A reliability failure modes and effects analysis for each 
blade design concept determines the blade time between 
inherent and external damage and the disposition of blade 
damage. A maintainability analysis provides the repair times, 
repair procedures and repair kit contents and costs.  Stan- 
dardized blade cost model input values supplied by the Army, 
such as aircraft life, external blade damage distribution, 
shipping costs, and maintenance cost per man-hour, are applied 
along with contractor-generated inputs such as new blade 
costs, repair criteria, kit costs, and repair man-hours to 
determine life-cycle program costs. 

Model Input Data 

Cost factors that vary with expendable blade design concepts 
are defined as follows: 

cnb = Cost of a new blade FOB 

Cp = Cost of repair kit FOB 

CE = Cost of any GSE required per aircraft 

TR = User repair MMH required, mean per repair 

AOT  = Allowable blade operating time due to fatigue 
criteria, blade hours 

KBRO = Fraction of damaged blades repaired at 
organizational level 

■         inn ■ 



w<*ri'!~**~imm!mrmmiii'i*'mm*m*n'^r*^^**!^^^*'*m J. lilPJI.IWJ Liw-niimi i. '   '■ '■'   i '   ■"i wwnppiimi 

BLADE DESIGN CONCEPT BLADE DAMAGE CRITFRIA 

RELIABILITY/MAINTAINABILITY 
ANALYSIS 

SPECIFIED COST ELEMENTS 
Such as: 

A/C Life Cycle 
Blade Damage Rates 

Labor Rates 

Shipping Costs 
Attrition 

ATTRITION COSTS 

New Blades 
Shipping 

CONTRACTOR COST ELEMENTS 
Such as: 

New  Blade  Costs 
Repair Parts Cost 

Repair Labor 

Blade  Fatigue  Life 
Inherent  Damage  Rates 

REPAIR/SCRAP 
CRITERIA 

OPERATING  COSTS 

Org.   Level  Repair/Scrap 
Mat.,  Labor,   Shipping 

A/C  FLEET  SIZE 

1 
A/C LIFE CYCLE PROG. 

COSTS 

INITIAL COSTS 

New Blades & Containers 
Spares, etc. 

Figure 1.  Expendable Blade Cost Model Schematic. 
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KBRF = Fraction of damaged blades repaired at the 
intermediate level 

KBSO '  WM i0n 0f damaged blades scrapped at the user 

Additional life-cycle cost elements common to all blade designs 
are incorporated into the following cost equations. 
Aircraft Life-Cycle Blade Damage 

N^f  = Number of blades damaged per aircraft life 
cycle 

N  = Number of blades per aircraft 

L  = Aircraft life cycle, flight hours 

BTBD = Blade time between damage, blade hours 

Initial Costs 

These consist of blade costs to equip production 
aircraft and provide spares. 

a. Aircraft Outfitting 

Only the FOB price of the new blades is considered 
here.  Other costs such as preparation anu instal- 
lation are small compared to the new blade costs 
and are neglected since they occur only once in 
the aircraft life cycle. 

co  = N-Cnb 

where   C0  =• Blade cost to outfit one aircraft, 

b. Spares 

Since the cost model is not time phased but con- 
sidered as a single 10 year life-cycle analysis, 
initial spares costs are developed to reflect 
blade repairability during the aircraft life cycle 
as opposed to using a given percentage of installed 
blades.  For this analysis, operating spares are 
accounted for by operating cost elements described 
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later.  In order to fill the initial spares require- 
ment, all blades scrapped over a six-month period 
must be procured to maintain the system.  Since the 
aircraft life cycle is 120 months, a six-month re- 
quirement is 1/20 of that for the aircraft life 
cycle and the initial spares cost is 

Cs =[Nbf/2o] [(KBS+KBF^Cnb+Cc+CsA) + 

(KBRO
+K

BRF) (CpCSp)]  + CE/2o 

where  Cs  = Initial spares cost per aircraft 
life cycle 

Kßs * Fraction of damaged blades scrapped 

KBF = Fraction of damaged blades fatigue 
retired* 

Cc  = Container cost 

CSA = Blade air-shipping cost 

CSp = Shipping cost of repair parts as a 
fraction of cost 

Combining the cost to outfit production aircra/t 
with the initial spares cost yields 

Initial Cost = C0 + Cs 

♦Estimate of fraction of blades fatigue retired - Data from 
Reference 1 shows that for the UH-1D/H, 1.06% of the damaged 
blade removals were due to reaching an allowable operating 
time of 2500 hours.  For the AH-1G/UH-1C aircraft, 4.76% of 
the removals were due to reaching an AOT of 1100 hours.  In 
addition, assuming that when the average blade operating time 
per aircraft life cycle reaches the allowable operating time, 
scrap damage must be zero or, conversely, the blade is fully 
repairable. This provides a set of data with variations in 
both repairability and AOT. 
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2.  Operating Costa 

As shown in the cost model schematic, operating costs 
consist of: 

Organizational/intermediate level cost of blade 
damage repair. 

Organizational/intermediate level cost of blade 
J^mage scrap. 

When a failure modes and effects analysis is applied to 
the expendable blade candidates, the fraction of blades 
damaged for each of the above categories is determined. 
Operating costs are then developed based on a maintain- 
ability analysis of replacement parts cost, labor costs 
and shipping associated with each category as follows: 

a. Organizational/Intermediate Repair Cost 

CR0 - Nbf [cm(M1+TR)KBRF+Cin(M2+TR)KBR0 ♦ 

(CpC8p)(KBRF+KBR0)] + CE 

where CRQ = Organizational/intermediate level 
repair cost per aircraft life cycle 

Cm      = Organizational level labor rate 

Mj^  = MMH to inspect, disposition, remove 
and replace a blade 

M2  = MMH to inspect and disposition 
damage 

The above expression allows costs to be determined 
for damage repair on the aircraft (KBRo) and with 
blades removed (KBRF). 

b. Organizational/Intermediate Level Cost of Blade 
Scrap 

The analysis assumes that every effort will be made 
to scrap at the user level both excessively damaged 
blades and those that have reached their fatigue 
life limit. 

11 
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cso - Nbf (KBSO+KBF)  [cnb+cSA+cSC+cm(M3U 

where C so Organizational/intermediate level 
scrap costs per aircraft life cycle 

CSC =  Container shipping ccst 

M3  =  MMH required to inspect and 
disposition damage, remove and 
replace blade, and requisition 
and obtain replacement 

Assuming  KBF = f [(^)}  = C (KBR)
n/ (AOT)r and 

utilizing the data from above to resolve the 
constants, 

KBF « 27 (KBR)
1
'
395

 / (AOTxlO -2,1.835 

where KyR =  Overall fraction of blade damage 
repaired 

3.  Attrition Costs 

These costs are considered in addition to program costs 
resulting from blade damage events as noted earlier. 
Since the blade may be used at the airframe origin, the 
depot level, or in the field, the only attrition costs 
used here are for the new blade and assumed transporta- 
tion. 

CA = KA (Cnb + CSA) 

where  CA = Attrition cost per aircraft life cycle 

K, = Number of blades lost to attrition 

Summation of initial, operating and attrition costs provides 
a reasonable measure of blade program costs during the life 
cycle of the aircraft.  There are other cost elements involved 
in the total program that are not included in this model be- 
cause they are not readily available and because their effect 
is relatively minor.  Some of these are: 

Performance degradation due to repair. 

12 

t^timm MM 
'—■1--'-^---"- -  -.itm^ 



1" I» «PWIIPIIM   mmmmp «i...ii.iiiuMiiiim.n!>Bw-iiiii.i.ii jfKfmmmmmum <jm,<mm}v\mnmmirmimumwmi«niminvw."tii nwfni ,  inini 

Facilities and equipment not presently envisioned. 

Shipping costs from one user location to another. 

Total program costs are readily generated knowing life-cycle 
cost per aircraft and applying it to the desired fleet size. 

13 
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DESIGN CONCEPTS 

The four design concepts which were examined during this 
program are shown in Figures 2 through 5.  These concepts 
were chosen because the number of component parts is 
minimized and the components themselves are simplified; thus, 
the first cost of the delivered blade will be sufficiently 
low that it will be cost-effective to scrap a damaged blade 
rather than to return it for repair.  The susceptibility to 
external and inherent damage of the various blade and com- 
ponent designs and materials was considered in the light of 
possible trade-off between first cost and service life. 
Table I presents the design features of each concept. 

Design 1 

This concept is illustrated in Figure 2 and is the closest to 
conventional current practice of the four under study.  It 
consists of an extruded aluminum alloy spar, aluminum alloy 
aft skins supported by aluminum honeycomb core, and an alu- 
minum alloy extruded trailing-edge spline, assembled by 
adhesive bonding.  To minimize the number of parts, the spar 
is extruded with relatively heavy walls, and with the nose 
portion of considerably heavier thickness to provide integral 
section balance. 

To facilitate carving of the aft core, the airfoil section is 
modified from that used for the current blade.  The basic 12% 
thickness of the 21.0-inch cord is retained, but the ordinates 
of the forward 42% of the airfoil are those of an NACA 0015 
section on a 16.8-inch chord.  Straight lines are then drawn 
tangent to this contour to complete the airfoil at 21.0 
inches.  The primary effect of this modification is to allow 
straight line carving of the aft core, by handsaw or similar 
simple method; this advantage is the reason for choosing the 
modified airfoil.  In addition, the forward location of the 
maximum thickness and the larger ordinates close to the nose 
make the section easier to balance. Aerodynamically, the 
slightly increased curvature in the region of maximum thick- 
ness will lower the critical Mach number, but because the 
overall thickness ratio is not increased, this effect will be 
small.  On the other hand, the increased nose radius will 
increase the maximum lift coefficient, allowing a minor re- 
duction in tip speed to compensate for the reduced critical 
Mach number.  Both effects are expected to be negligible, 
however, so that the net effect on performance will be well 
within tolerance even with no change in rotor speed, and will 
be far outweighed by the reduction in design and manufacturing 
complexity. 
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DESIGN  CONSIDERATIONS 

1. AIRFOIL   SECTION  MODIFIED   TO  PROVIDE 

STRAIGHT-SIDED   AFT   SECTION . 

2. CONSTRUCTION  SIMILAR  TO  PRESENT 

UH-I BLADE . 

CONSTANT   SECTION EXTRUDED   SPAR . 

LIMITED  VARIATION IN  SECTION   PROPERTIES 

STRAIGHT-SIDED   HONEYCOMB   CORE 

"OR    SIMPLE   CARVING . 

3. 
4 

FABRICATION 

. PROCESSING SAME  AS PRESENT  C_ADE 

RELIABILITY  AND MAINTAINABILITY 

I.  THICK LEADING   EDGE TOLERANT OF 

ABRASION   DAMAGE . 

2. LEADING   EDGE  READILY BLENDED   TO 

REMOVE   DAMAGE . 

3. DAMAGED   AFT SECTION  CANNOT  BE 

REPAIRED   IN   FIELD . 

Figure  2.     Design  1,   Expendable  Rotor Blade, 
All-Aluminum Structure. 
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DESIGN   CONSIDERATIONS 

1. AIRFOIL SECTION MODIFIED TO  PROVIDE 

STRAIGHT-SIDED  AFT   SECTION . 

2. SPAR  ASSEMBLED   FROM   SIMPLE FORMED 

STAINLESS   STEEL   SHEET. 

3. UTILIZES   EXISTING   RETENTION . 

4. GLASS FIBER  REINFORCED   AFT'SECTION TO 

MINIMIZE STRESSES  DUE TO BONDING  TEMPERATURES 

5. SECTION  PROPERTIES   TAPERED TO MATCH 

PRESENT  UH-I   BLADE . 

6. PRETWIST OF   SPAR COMPONENTS NOT REQUIRED 

7. INTRODUCE OF AIRFOIL VARIATIONS   POSSIBLE . 

8. AFT   SKINS   LOCALLY   THICKER   UNDER 

ROOT  D0UBLER5 . 

9. LIGHTWEIGHT "NOMEX" HONEYCOMB  CORE 

WITH   STRAIGHT SIDES FOR   SIMPLE CARVING . 

FABRICATION 

i.  AFT SKINS  AND  TRAILING   EDGE  SPLINE 

LAID UP   AND  CURED SEPARATELY. 

2. FINAL   BONDING   SIMILAR TO  PRESENT  BLADE . 

RELIABILITY  AND  MAINTAINABILITY 

1. INHERENT ABRASION RESISTANCE  WITH 

STAINLESS   STEEL   SPAR . 

2. RUGGED   DAMAGE-RESISTANT   SPAR . 

3. AFT SECTION REPAIRABLE  IN   FIELD . 

4. K'GH  FATIGUE   RESISTANCE . 

L^A 

Figure  3.     Design  2,   Expendable Rotor Blade, 
Formed Sheet Metal Spar. 
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Figure 4.     Design  3,  Expendable Rotor Blade, 
Buried Chord  Plane Shear Web. 
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Figure  5.     Design 4,   Expendable  Rotor Blade, 
Two Basic Extrusions. 
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For protection against abrasion and erosion, a cobalt alloy 
abrasion sheath, similar to that installed on the current 
blade, is provided over the outer 4 feet of leading edge.  The 
root hardware and reinforcement are the same, except for the 
difference in contour, as those of the current UH-lD/H blade; 
the tip hardware and trim tab are identical to those of the 
current blade, but the trim tab is not riveted. 

Design 2 

This concept is illustrated in Figure 3.  The basic blade 
consists of a spar constructed from two formed stainless 
steel sheet parts, bonded together with the airfoil shape 
completed by a glass-fiber-reinforced plastic afterbody. 
For section balance, a stainless steel ballast bar is bonded 
into the nose.  Because the nose skin is a heavy stainless 
steel sheet, additional protection against abrasion and 
erosion is not required.  To facilitate carving of the core, 
the modified airfoil section described in Design 1 is 
utilized. 

The basic spar structure is a stainless steel box beam, in 
two parts adhesively bonded together.  These two parts are 
the thick nose skin, formed to contour, and the channel- 
shaped shear web whose flanges fit inside the nose skin, 
closing the box.  For balance, an extruded or drawn stainless 
steel ballast bar, supported by a stainless steel channel, 
is bonded into the nose.  So that the almost flat underside 
of the box beam is not buckled in compression by the static 
droop bending moment, a partial-span channel-section stiffener 
is bonded between the upper and lower sides, at the root, 
extending beyond the root reinforcement doublers. To provide 
mass and stiffness taper corresponding to that of the current 
blade, the nose skin is tapered in plan, from wide at the 
root to narrow at mid-span, remaining constant from there to 
the tip, and the flanges of the nose ballast support channel 
are tapered in the reverse direction.  To simplify manufacture, 
the nose ballast bar is not tapered. 

The aft section is made up of a pair of glass-fiber-reinforced 
plastic skins, laid up basically from three plies, one of 
which has its warp parallel to the span and the other two 
±45° from it.  These skins are supported by a polyamide paper 
("Nomex") honeycomb core, and the trailing edge is completed 
by a unidirectional glass-fiber plastic molded spline. The 
aft skins are locally thickened at their forward edgrs by 
additional plies, to match the thickness of the stainless 
steel nose skins; this added thickness is carried to the 
trailing edge in the region under the root doublers.  The 
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trailing edge spline is taper i to provide sufficient in-plane 
stiffness at the root, and to allow correct forward location 
of the section center of gravity at the tip.  The location of 
the spar shear web is sufficiently far aft that the honeycomb 
core can be carved using purely straight cuts. 

The root hardware and 
the current blade, exc 
At the tip, adjustable 
cover are supported by 
the aft section is clo 
plastic rib. The trim 
and narrower than the 
tribute tab loads into 
The trim tab is split 

Design 3 

reinforcement are identical to those of 
ept for the slight change in contour. 
balance weights and the forward tip 
a formed sheet-metal bracket, while 

sed by a formed sheet-metal or molded 
tab is longer, in the span direction, 

current trim tab, the better to dis- 
the relatively light aft structure, 

into two segments for ease of adjustment, 

The unique feature of this concept, which is shown in Figure 4, 
is the internal shear web providing the shear path between the 
trailing-edge spline and the main spar.  By utilizing this 
internal structure, the skins can be relatively light, 
carrying loads induced only by their own mass and stiffness. 
The main spar is an aluminum extrusion with a heavy nose mass 
for integral balance, as in Design 1.  An aft-projecting tab 
extruded integral with the aft wall of the spar provides the 
surface to which the chord-plane shear web is bonded.  The 
trailing edge spline is also extruded aluminum alloy, and is 
machined along the forward face to provide tapered in-plane 
bending stiffness and chordwise balance.  The forward face is 
machined with a step to accept the shear web. 

The aft skins are formed from two plies of glass-reinforced 
plastic oriented +45° from the span axis.  The skins are 
supported by two cores of "Nomex" honeycomb, separated along 
the chord line by the internal shear web.  To facilitate 
carving of these cores, the modified airfoil section described 
in Design 1 is utilized. 

Except for the difference -in contour, the root reinforcement 
is the same as that of the current blade.  A formed sheet 
metal bracket supports the adjustable tip weights and forward 
tip cover, while a formed sheet metal or molded plastic tip 
rib closes the aft section.  Because of the light plastic aft 
skins, the high-aspect-ratio segmented trim tab of Design 2 
is used.  For protection against abrasion and erosion, a 
cobalt alloy abrasion sheath is provided over the outer 4 feet 
of the leading edge, the same as that proposed for Design 1. 
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Design 4 

This concept is illustrated in Figure 5. The basic blade is 
formed from two aluminum alloy extrusions, bonded together 
just aft of the quarter-chord. The root retention doublers 
and grip plates are common to the present blade, while the 
outboard 4 feet are protected by a cobalt alloy abrasion 
sheath similar to that installed on the current blade. Be- 
cause there is no aft core, contour is not critical in manu- 
facture, and the standard NACA 0012 airfoil section used on 
the current blade is retained to avoid even small changes in 
aerodynamic behavior. 

The nose balance weight is extruded as an integral part of 
the spar, as in Designs 1 and 3.  Section balance requires 
that the walls of the aft section be so thin that they are 
unachievable by extrusion, so that they must be reduced sub- 
sequently to the desired thickness. This additional operation 
is expensive and significantly increases the cost of the part. 

Because the blade is constructed of extrusions, no taper is 
possible in structural or mass properties, so that the in- 
plane bending stiffness cannot be maintained as high at the 
root as that at the root of the current blade without creating 
weight and balance problems outboard. Therefore, in order to 
provide sufficient in-plane stiffness inboard, the aft 
fingers of the four doublers, top and bottom, which lie under 
the drag plates, are extended outboard beyond the forward 
tips.  In all other respects, the root reinforcement is 
identical with that of the current blade. 

The tip cover is similar to that of the current blade, and 
the cover and adjustable tip balance weights are supported 
by a formed sheet metal bracket, similar to the configuration 
of Design 2.  The trim tab is identical to that of the cur- 
rent blade, except that it is bonded only, without rivets. 
The aft section is closed at the tip by a formed aluminum 
alloy rib riveted and bonded in place. 

Although this particular concept showed promise of being the 
most economical because the basic blade consists of two parts 
only, the necessarily thin walls of the aft section make it 
prohibitively expensive, if not impossible, to manufacture. 
For weight and balance reasons, the aft section walls cannot 
be thicker than .025 inch, but the minimum extrudable 
thickness in this size of closed section is .156 inch, and 
the tolerance due to die wear and mandrel float would be 
greater than .020 inch.  In consequence, the walls would 
have to be milled to the desired thickness öfter extrusion, 
and because of the broad tolerance band, the amount to be 
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milled away would vary according to the local extruded thick- 
ness.  The part cannot, therefore, be finished by any process, 
such an  chemical milling, which removes a constant amount of 
material from all surfaces.  Further complicating the problem 
is the impracticality of chemically milling the interior, 
which cannot be conveniently vented. 

In the light of the above considerations, no further investi- 
gation of Design 4 was undertaken after the technical analysis 
was completed and a preliminary manufacturing study disclosed 
the wall thickness problem described above.  Further con- 
sideration of Design 4 was, therefore, dropped from this 
study. 
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INTERCHANGEABILITY 

An essential characteristic of an expendable blade is that it 
should be possible to remove any blade from the aircraft and 
replace it with a new one, and achieve (with a minimum of 
difficulty) acceptable balance and track compatibility with 
the other blade (or with all the other blades of a multi- 
blade rotor).  This compatibility is in two phases, the first 
of which is mass balance interchangeability, while the second 
is equality of aerodynamic forces and moments. 

To accomplish mass balance interchangeability, a procedure is 
suggested here which has been successfully followed on several 
production series of helicopter rotor blades.  This procedure 
has been demonstrated to reduce out-of-balance forces, due to 
manufacturing weight variations, to below perceptible levels, 
and to eliminate the need for balance weight adjustment after 
the blades are installed on a rotor.  Two essential param- 
eters,  the spanwise mass moment and the chordwise dynamic 
mass axis (the span-weighted chordwise center of gravity), 
are controlled during manufacture by this procedure. 

The balancing procedure is performed in three stages: first, 
the component parts are selected by weight, prior to assembly, 
so that the range of adjustment is not exceeded; second, a 
preliminary calculation is performed to determine balance 
weight requirements; and third, the blade is physically 
balanced against a master to bring the final balance param- 
eters within the accuracy required.  This last step is 
limited to spanwise moment balance, because the dynamic axis 
cannot be physically determined on a static fixture. 

To allow the final, physical balance step, adjustable weights 
are installed in the tip in two locations equidistant, fore 
and aft, from the desired dynamic axis.  (A possible installa- 
tion is shown in Figure 3.)  Thus, by making equal changes to 
both stacks of adjustable weights from the requirement deter- 
mined by calculation, the calculated dynamic axis will be 
undisturbed.  It can be shown that even for the grossest 
errors that can be introduced during the selection stage, the 
physical correction of the spanwise moment will also correct 
the dynamic axis to within .010 inch of nominal.  This 
variation is insignificantly small in comparison to contour 
and twist variations. 

Controlling the dynamic axis, where each element of mass is 
considered to have an effect proportional to the centrifugal 
force acting on it, is a much more effective method of 
achieving mass balance interchangeability than by controlling 
the static center of gravity position.  This is true even 
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when the limits of accuracy are those resulting from a series 
of calculations.  The effect is analogous to controlling the 
moment about the center of rotation rather than the radius to 
the center of gravity.  The method of selecting components 
before assembly, however, ensures as a by-product tl at the 
chordwise location of the static center of gravity varies 
vory little from blade to blade. 

Under this procedure, the total weight will vary from blade 
to blade due to manufacturing tolerance, within the limits 
prescribed by the tip balance adjustment and the component 
selection procedure.  The spanwise moment and product of 
inertia, respectively, about the center of rotation will each 
be identical for all blades, but the moment of inertia may 
vary slightly.  Equality of spanwise moments will ensure that 
all blades will fly to the same flapping angles if they all 
have the same lift distribution, while equality of dynamic 
axes (the quotients of products of inertia divided by span- 
wise moments) will ensure that the twisting moments due to 
centrifugal force and flapping inertia will be equalized 
between blades.  The latter condition eliminates any rotor 
frequency load variation in the cyclic control system due to 
differences in blade pitching moments, and minimizes inequal- 
ities in lift distribution due to differences in torsional 
deflection. 

The component weighing and selection can be accomplished as 
part of the inspection procedure, while the physical balancing 
is simplified by correcting the moment about one axis only. 
This method of dynamic balancing, therefore, adds nothing to 
the cost burden on the blade. 

Aerodynamic equalization can be accomplished by any standard 
tracking procedure, either on the aircraft or on a tower, by 
adjusting the trim tab to compensate for variations in con- 
tour and the pitch link to compensate for variations in twist. 
Since dynamic balancing will have been accomplished previously, 
there will be no necessity to adjust tip weights during 
tracking.  The usual sweeps through the pitch range and 
through the speed range will be all that is required. 
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DETAIL DESIGN ANALYSIS 

The design concepts studied for the expendable main rotor 
blade were analyzed for their structural and dynamic charac- 
teristics, to determine their compatibility with the UH-1D/H 
airframe and missions. Natural frequencies, flight bending 
moments, and stress levels were determined. To compare sur- 
vivability rates, an analysis of failure modes and effects 
was performed for the current blade and for the three con- 
figurations showing the most promise of the four in this 
study.  A previous study (Ref. 1) showed that root designs 
other than a built-up reinforcement, similar to that of the 
current UH-1D/H main rotor blade, offer little if any cost 
advantage.  Consequently, the decision was made to use the 
built-up laminated root design of the current blade, and the 
basic blade configurations studied are all compatible with 
this root.  The detail design analyses are concerned, there- 
fore, with the dynamic and structural properties of the basic 
blade cross section, and the assumption is made that the 
structural characteristics of the i-oots of the four blade 
concepts studied herein are equal to those of the current 
blade root. 
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SECTION PROPERTIES 

The basic blade configurations, illustrated in Figures 2 
through 5, were all desig d to have section properties 
(weight distribution, center-of-gravity location, structural 
neutral axis, and flapwise and in-plane bending stiffnesses) 
as close as possible to those of the current UH-1TT main rotor 
blade.  The differences in dynamic and structural character- 
istics between the study concepts and the current blade were 
thus minimized. 

The contractor's computer program for computation of section 
properties was used, after first using the same program for 
the current blade to provide a valid basis for comparison. 
The section properties computed for the current blade are 
plotted as broken lines on each of the figures, for direct 
comparison. 

Figures 6 through 10 present, respectively, the section weight 
distribution, center of gravity, structural neutral axis, and 
flapwise and in-plane bending stiffnesses of Design 1. 
Figures 11 through 15 present the same properties of Design 2, 
Figures 16 through 20 those of Design 3, and Figures 21 
through 25 those of Design 4. 

For each design concept, the root reinforcement was assumed 
to have properties similar to those of the current blade, and 
this assumption is reflected in the curves, at the inboard end 
of each figure.  For Designs 1, 3, and 4, two sets of figures 
are plotted.  These figures differ outboard of Station 240.0, 
where the solid line indicates the change due to the addition 
of the abrasion sheath, and the chain-dotted line represents 
the simple, unprotected basic blade. 

Inboard section properties were computed at Station 82.0, 
immediately outboard of the root doublers, and Station 210.0 
was used for the outboard reference section, beyond which the 
blade is essentially constant.  For Design 2, the section 
properties were also obtained at Station 160.0, the end of the 
nose skin taper, and for Designs 1, 3, and 4, the abrasion 
sheath was incorporated at Station 245.0.  Inboard of Station 
82.0, the curves were faired into those for the current UH-1H 
blade. 

31 

——MM»  ii 



——•———  " '"i iw^mmm^mmi^fm'^mm^m im HHMIHppi IPPPPHHH nTu-..ijpjiiIpMiil>i.i|P<.i<iMj . ji-—(.-.. i-F. i.».IIWIJ.I i.i. ixmn^im^ 

c 
cr 

U 0)   • 
ÜT} U 

-n 
<U       4J 
•OS 3 £ 
«\ O 4J 
'HO £ a 
OQr-l *1 «I 

«X ? (0 

.Q     " C iu     o 
TJ C C H 
C 0) 0> «1 
« kl'H   « aM « u 
uua < 

J 1 1 L 

u 
X 
V z 

ß 
en 

■H 
(0 
0) 
D 

C 
O 

-H 
+> 

X> 
•H 
M 
-P 
(0 

•H 
Q 

■P 

•H 
<U 
» 

0) 
U 

•H 
fa 

n o CD \o 
r-4 •-* O O 

CNi/ai; xiiDia« NOIIDSS 

32 

-     - ■  ■   - IIMIfM IMIIII 



l.ip.lll*lllllllllll.JJ ^•pillBIIIIIUKIIIIl ■PM PUPPIP WSfiWI^PlHIP ■«pppiW MMwmn«n*KaH^PfP*nwTC>np^>w^ ■««!>.»■'(■ ''(."■■""■"^ 

£ 
u 
s 
£ 
U) o 

CD 
c fN 
0 

•H 
•9 

r<           « 
U 

g-         ä O 

■#«( fN 
a «)   • 
a?6! 

-< J 
• a 

«    f O 
•ass                     _ ^ 
«\o CM 
* as 
mr* *> 

1   -H 
II SB 
w s 
i3     ^ o 
« *i «N 

■o c c (N r-H e «i o> 

u u a 

1 
1 
1 
1 

" 

O o •H 
(0 
<u 
Q 

O «k 

1 
1 

CD 

u 

2 > 
O 

M nj - H 
§ Ü 
M 

O 0 ~ 
ir-t 

en 
u M 
§ 0) 

o n c 
■" 0) 

u 

ca-! woaj saHONi) AUAVHO JO aaxNao Nonoas 

33 

0) 

•H 

•i-'-"-— i I ^■-——■   ■    ■     ■■■      m nMmUttmm   . 
■— ' :■, Wiiit.i.;.i,.: i.-,..- 



m. .wnwmnmii m,mim<mm '"•'w m mi ■P1.'*" vmm mmn 

/ 

I 

-I        10 u 
&  5 
u « • 
01 T3 U 
t,  «I    . 

««a 
«i f •o a a «\ o 
(0 rH  4J 

^ Ö 

B 4J 
•o c c e « & 

u uo 

o 
IM ß 

Di 
•H 
0) 

O 3) 
00 Q 

(0 

(0 
as •H 

i a 
H rH 
< m 

O u 
4J 

0) 
z 

oo 

0) 

XT' 
•H 
fa 

ca'T woaj saHDNi) sixv ivainaN uoiioas 

3>1 

"---—•  HtaÜkUliMU ■'   --■-■-'"'  "'-   



■Bffn!PWRP'"rw*"rrT'(Tr'**^ iii HI iu, i mvffpmwwwfmfyniw i wwwunw "■Wi'i" i.i w vw^r'ii'i"! sw™r™iWT" 

o _ o 

\ 

CO 

I 

c 
•H 
(0 
0) 
Q 

(0 
(0 
0) 
c 

<w 
«M 
•H 
•P 
CO 

^ 
•H 
-0 
C 
0) m 
(U 
« 

•H 

<d 

0) 
M 
3 

•H 

(jNi-ai 901) ssanwns ONiaHaa asiMd\nj 

35 

■MB 



I^fiw*T,I'*WJ»'.^w> n'.iMi,fliF'"^w.PiWVw'^"iWiw,*l^Pl,,"^wi'J"^WW'i^ü"■ mwmmif**'.-nfuvmnmmvmiuvm.IMWIW.P«. ■ ">,m-     ,■ mmf.w><wi»IWIVW.UIHI., -viww.*i»w»MiPw«w*■**"■!:».wikum >"'■ ■ ■\r*'*\w*mw>irw*mv**w"r*frr'--«•L".^,,.. .■■ iui'..'.■ ■i' *Sfl 

(0 
a) 
D 

CM (0 

0) 
c 

S       »w 

|    W 

s B g« 

S  ß 
OHO) 
3   ^ m 

u 

nj 

0) 

0> 

(jNI-BT   6QT)   SS3NJJI1S  ONIQNaa  aOTld-NI 

36 

"*- "'-      - - 'itiiii m «»IIIBI II -■■''—-; *-■•*"*■•"   . ■'nnn iiii'.-ii lAHMir.inn .l-iVi ■i^"- i ki 



mmiilUJUl.l.lMH.i,1.1.1  .'I .1      l    IJI^jjgfflpipBlpilJIltMIJI.WWBIWWB'IIWtWl.111   ■    i'^.^i.'■ .■»iwi"ij-|i"»u'i'- i.ii. -T^w^»^^^^ .-w.^.»..■ 1.1.<! . ■ .n-J-! I.I..J.. ..-j..—■»..■■^ -.. "^WI^BIMI 

T 

c 

• «I 

o a 

• 
■D I • \ 
m -> 

« 4J 
T>  C 
C   (I 

it: 
M 3 
U U 

M * 

O      H 
»      «0 

<N 

c 
•H 
0) 
a 
a 

c 
o 

•H 
4J 
3 
ja 
•H 
u 
(0 

•H 
Q 

■P 
x: 

0) 
M 

•H 

(•NI/BT)   iHDI3M  N0IJ.D3S 

37 

iCSMMitiatcMWrMliMlkMKbi 



*^^m m     .IIHIWPW^II J winmiw vuMm„viummimjw imwni ^^^ff wr*mm*m«m*m. 11 m****. 

i 
1 
1 

1                                                                        (N 

1                                  * 1                                  ■* 

1                                  M >                                     r-t 
I                                   •« '                                   « <a x 1                                               • V 
1                                    ^o 

*M 

|                                                                 Äi 4 

f                                                                 Jl 4 
// 

■ (/ •• ''"1 -| 
1     1 

1     1 
1     1 

1     I _j 

1      1 
1 

1 
1 j 

1 
1 

1       1 
1 
\ \    1 

\ 
\ 
\ 1 4 
1/ 
// 
/ 1 

1 
ll II 

/ 

1               l„.    L_ 1                          1                          1                           1 

-| 

I 

C 

(U 
Q 

•H 

% 
U 
Ü 

IM 
0 
u 
(U 
+1 
c 
<u 
u 

(N 

t 
3 

•H 
EM 

(■a-l  WOHJ  S3HDNI)   A1IAVH0  iO SSiNaD  HOIX33S 

38 

^^^ 
iiäVIfrUiiMll^"^--"'■•'--■■''---'■'••'—'-"' ■ t-"-""« 



^•^WWH. ^^^^^^W MR Mil i IPU,M wymmmimm^^^ wa in'«' 

ca-i WOMJ saHDNi)  si« ivMinaN Noiioas 

39 

1- 

c 
•H 
(0 

CO 
•H 

i u 
p 
0) 
2 

n 

0) 

fa 

—J o 
o 

UIU nit—  ummi   i mi  ÜM ■-■ - --    . 



1   ' 

& 

P. 
h 

11 

fN 

c 
0^ 

r* •rH 
'S w 

0) 
Q 

o 

f* 

w 
0) 
c 

o Ä «M 
i-« n IW 

5 •-• CO 
o *" 

0< 
s *-* 

c 
•H 

t 'S o S c 
4) 

M CO 

' 

01 
0) 

•H 

0) 
M 
3 

•H 

({'NI-HI 901)  ssTuudiis ONiatua isiMn* 

40 

)jMmtatttmiimmimmm^mm^^mtimltm mmum 



''   - '   '' —"'—'  I—I 1 —  ' 1  "" I      ■ 

< 
o     H 
<r     in 

CM 

C 

•H 
(0 
0) 
Q 

(0 
m 
0) 
c 

14-1 
IM 
•H 
■P 
(A 

£ 
c 
0) 

(Q 

0) 
c 

c 
H 

in 
r-( 

0) 

(jNi-u'i 6oi) äi>3NjJus DNiawau aNvnd-Ni 

41 

WMMMMi^tfMaaflilllMMMMMMkMIMiM^Mi miiii HMMMMi '■• 
' .    ...   .A.  ^^^..i.   -i.i       . :   ., 



' ''    ■'- """        -' ■"   '   '   ■ '"   ■ ....II.. ■^...-»■■■i      »   i      HI      .    i in min n 11^ 

H 

in 

it     • 
u 

& i 
««    • 

• ■ • v 

-< cir 
i -H 

J5g* 
3 ^ •o c c 
e • & 

c 
•H 
0) 
<U 
Q 

S c 
-   sr    o 

4J 

•H 
U 
*i 
(0 

•H 
Q 

.1 
4J 

•H 

«5 

0) 

3 

•H 

CHi/ai) xHoiaM Nouoas 

42 

1    -.^..-..ü -J|r     ,_,^,..,,.„^..^.. ,. ■MH liliminillii MMIMMIIII ii 



■■"■ I •^^m^vmmm wyw^yv^^j? w    91 inn i m^mm'^K^ mmmmmmm^mi^mFmmHmm^*m ii  mmmmmmmm 

5 
I 
(A 

§ 

■ • • 

ill 
■ H 4i 

JSgS 
«I 

'   ■ 
2 II 

I 

m 

C 

•H 
(0 

> 

o 
M 
0) 

C 

0) 
u 
■J 

CM 

L J. -L _L -JL -i- 
^ * "" » m 
ca-i woaa SSHONI) AXIAVHO JO aaiNaa NOIIO3S 

43 

^^^ 
 ,.....-■ ■...:„.„^...J.^.^.^^ 



'null ;i"Ni>vwM«p«TWWUiraili «i  <IH»HWIPI-J""'""" ' ■—^■J-TT.I" -■»■ 11 ivjiiiiuninHnn^ 

& 5 

ii". 
-i •J 

'CD 

kg 
wo £ 
m w S 

4 ** •o c c 
C «I o- 
• bl -H 
&b ■ 
as« ^   13 

s 
z 

C 

•H 
U) 
0) 
Q 

V) 

(0 
M 

0) 
2 

oo 

0) 

•H 
fa 

ca-i woaj S3HDNI)  sixv ivaxnaN noixoas 

44 

........ ,. :,,.....,J—....^ ^aiMMi^.^,,^^^ 
gitg^^MBMaiiaiMAätt^iittttMfctfB^wi—h 



w^m—^mmrmt^K^fm -——'"■ 

& s 
05j • ■ 

•4 a £ 

5B» 

h « 

?c 

I 

c 
•H 
(0 
0) 
Q 

(0 
to 
0) 
c 

•H 

CO 

c 
•H 

c 
0) 
ffl 
<v 
(0 

•H 

o> 

M 
3 
tr 

•H 

(jNI-BT 90T) SS3NJJIiS ONIdNaa SSIMdVlJ 

45 

tia^HitMm^mi^tmtmmitlmitmimiaimmuuumm ^^^M^^^^A^^    fa^.. .^■■»J^^^^.^,,.^... 



vmmmmmmm •m-^mmmrmm^mimmmmi^^^m •' ',l1 imp  

CO 

C 

•H 
(0 

u 
(0 
0) 
c 

tt-i 

H    '•-I 
D     ^ 
i     CO 

8 C 

S   'S 
0) 

c 
(0 

I 
c 

o 

0) 
u 

•H 
PL. 

(z'Ni-ai 6OT) ssatujiis ONiaHsa anvid-Ni 

46 

— - --..-...- . 
-■■-" '■--■ -'--"-^--- ' iTniHiiiiilii 



mwif'm .miiii'wm.w .•"P» i"".1 inimj^i^wiiiijiiiiiiRipiniu.ijjiiiii.ijiNwinwnimwi'PiiiMi i   III',."",II,IIIIMIIH«II,™|^IIPIH,II    n.. < m   iniminiMii>ni«piii«iniifnpi*BB«p>i«>a««*n^npn<'^wn« www '"" 'i'vm 

5 

Ul 

§ 

.09 

Hi -< O J5 
a ^H v 

«ig» 

\ 

0) 

s 
c 
o 
•H 

5 8   5 

I (0 
•H 
a 

fM 

0) 

•H 

CNl/ai)   J.H013M NOIiOSS 

47 

LlM^IHIIMHWMk.   MiuiMHiHliMilililiMliMMitMte laltfri itfüthj— "-■•-''-—J—-**fej*- - ■ A-^-^^^- ..■■.■■.■ .-fct i tilMi 



ii>nuMi"nJwiiiiiiiiiuiwup.wipiini<ii uvnw'loWA"»1"1!1)1"1   ■"    I- iii»iliiMipp"ii.J™ii»«. I    im M11H«W»IWW| I ^ww 

£ 

&   S 
•H 
M   «)     • 

. gg 
«I        ** 
•o x a 

O  >H   *" 

Ä » fl   *> 
|g& 
0. n  « 
ass 

c 
•rl 
«1 
0) 
o 

H 

K o 
g   M 
a a) 
■ *i 

c 
u 

CM 

0) 
u 

•H 

r- «^ M' 

(*a*l WOUi   S3H0NI)   AilAVHD iO UaXMHO  NOlXOaS 

48 

  ä^MMMMM^U. ^^^   -■..-■i^«. u^^, ^...-A*t-.-,^ii_-;.-/.....;. .■.i 



1     I - .1 ■ 111 ■■■■«••I 111   """■ 1^1^ 

/ & ^ 
■H 
« II • 
« T] U 

> n « « ■oca 
« v o ^ Q x: 
0 <H U 

I    X 
01 B X 
^ a 

« V 
•o c c 
c <i tr 
«i w -« 
a k< « 
K 3 f 
U O O 

I 
I 
I 
1 

I 

o C 
fN 0> 

•H 
(0 
(U 

O Q « 
r-t „n, 

w ta 
Ö U) 
«J •H 

o M 5 
8 i-H 
f m 

o ft M * U) 4J 
u 3 1 0) 
a 

o 
r* 
•-t • 

o 
o 0) (-« M 

•H 
o 
CD Pu, 

fa'! WOHJ saHDNi) sixv ivainas Nonoas 

49 

i mm—MHIM llll . .,■..■. .r:.'-...v..^^^J.-ihMJtaMAfe^^;f(g|1|ft<)||-.. ■■ 



imiWlliiW HIWi.ll» «ipilllWW^^WPWWnil^lfWWPFll^WUIJWW"1 'I"'!1» M1'!.' "^^wnws^^flwwwiwmwwpfpiTWffW"^^ 

m 

<n 
c 
o 
•H ■ 
M 

& ä 
■   «    ■ 

« 4J 
■O BE 9 
• SO 

CO H S 
I -H 

|s§. 
aba 

\ 

/> 
/V 

& 
•H 
(0 
0) 
Q 

(0 
(0 
0) 
c 

IM 

(a   "H 

H 

8 -S 

5    0) 
n 

•H 

E. 
(0 
H 
fa 

CM 

(U 
M 
3 
0> 

•H 
fa 

UNi-ai 9oi) ssaiuiiis oNiaNaa asiMd>nj 

50 

mmmi ^am^ MHMlliMilMIIHiMii -  ■- - - —   - - 



1.1, iiiiiiiiiiijipiww JWWi'lWff^ ftsmmm mmmmmmmmmmmmi^'^i 

ti 

10 

c 
O 

■ 
«       10 

M 

&     ä 
■  tl    • vn w 

r-l J 
-B 
• *J 
•0X9 
• N, O 
rt Q £ 
«0 w i> 

I  -H 

Jug» 
•9    * 

. sg. 
« b-H 
Ah ■ 

to 
s u 

g 
in 

C 
o> 

■H 
(0 
0) 
Q 

m 
m 
0) 
c 

«w 
*w 
•H 
•P 
CO 

•H 

c 
n 
(U 
c 

a* 
i c 
H 

in 
rj 

0) 
M 

tr 
-H 
fa 

(Z-NI- 31   ,01)   SSaMJIXS ONIQNaa  3NVld-NI 

51 

laüiii MMMMM ii Mac—i I ■J^^U^^M 



^pJ«»i)»'J|CTU|Ji»lHU)PMiii;|i-iJpii|.MIJI»,iitiJ^^^^ 

WEIGHT AND BALANCE PROPERTIES 

The contractor has developed a computer program which inte- 
grates the section weight distribution and section center of 
gravity curves to give the overall mass parameters for the 
total blade.  Total weight, spanwise moment and center of 
gravity, static and dynamic (i.e., span-weighted)  hordwise 
centers of gravity, rotational inertia, and centrifugal force 
and static (droop) bending moment distributions are found by 
this program.  By including the section flapwise bending 
stiffnesses, the static droop deflection curve is found, and 
including the section neutral axes allows computation of 
the distribution of in-plane bending moment due to offset of 
the centrifugal force vector. 

Table II presents the total blade weight, the spanwise moment 
about the center of rotation and the center-of-gravity dis- 
tance from the center of rotation, the static chordwise center 
of gravity distance from the leading edge, the location of 
the dynamic axis (i.e., span-weighted chordwise center of 
gravity), and the rotational inertia. The values for the 
current blade were determined by the same computer program, 
to provide a valid basis for comparison. 

The centrifugal force distribution, centrifugal bending 
distribution, static bending moment distribution, and static 
deflection are plotted in Figures 26 through 33 for each of 
the four designs studied.  Figures 26 through 29 present the 
centrifugal loadings for Designs 1 through 4 respectively, 
and Figures 30 through 33 present the static bending charac- 
teristics.  For comparison, th? curves calculated by the same 
computer program for the current blade are plotted as broken 
line^ on each of the figures. 

For the three designs (1, 3, and 4) utilizing extruded 
aluminum spars, results are presented both with and without 
the leading-edge abrasion sheath; and for Design 2, results 
are presented with and without tip weights.  A third version 
of each of Designs 1 and 3 is presented in Table II.  in 
these, the blade was further modified by reducing the integral 
nose ballast, resulting in close agreement with the current 
blade- These results show that careful detail design can 
achieve weight and balance and overall dynamic properties 
virtually identical with those of the current UH-1H blade, 
with consequently negligible differences in flying qualities. 
Detail design of the required order of accuracy must be 
accompanied by a detailed weight breakdown and analysis, 
which is not appropriate during the preliminary design and 
feasibility study phases.  Table II illustrates the feasibility 
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of the approaches  taken in Designs  1,   2,  and  3,  and shows 
that the overall physical properties cannot be quite so 
easily duplicated with Design 4. 
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1 
DYNAMIC PROPERTIES 

The contractor's computer programs for rotor blade dynamics 
and air loads were utilized to obtain the natural frequencies 
and dynamic bending moments for each of the expendable blade 
concepts.  Resonance diagrams for the three lowest out-of- 
plane modes, both pin-ended and cantilever, and the two lowest 
in-plane cantilever modes were obtained.  The dynamic blade 
bending moments were determined for steady level flight at 
9500 pounds gross weight and 107 knots. 

The air loads for the blade dynamic analysis were derived by a 
computer program,which is essentially an improved version of 
the method described in Reference 3.  The method was adapted 
for use on a teetering rotor by assuming the blades to be 
connected to each other by a spring representing the stiffness 
of the hub, restricting independent flapping motion of the two 
blades. 

The air loads determined as described above were utilized in 
the blade bending moment calculation by a computer program 
based on the meLhod described in Reference 4. 

The resonance diagrams for the current UH-IH main rotor blade 
and for the four concepts studied under this contract are 
plotted in Figures 34 through 37.  In each of the figures, 
three resonance diagrams are superimposed, one of which is for 
the current blade, while the other two are for the uniform 
basic expendable blade design and for the expendable blade 
design incorporating the tip modifications described above 
(abrasion sheath on Designs 1, 3, and 4, and tip weights on 
Design 2) .  The curves plotted for the current b^.ade are the 
same as those derived for and reported in Reference 1. 

The dynamic bending moments, out-of-plane and in-plane, are 
plotted in Figures 38 through 45.  Again, three curves are 
superimposed on each figure, presenting the results for the 
current blade and for the expendable blado design with and 
without the added tip mass.  The curves for the current blade 
are again the same as those plotted in Reference 1. 

In a rotor system having torsionally stiff blades, such as 
that of the UH-IH, vibratory pitching modes of importance to 
dynamic stability or stress level amplification occur 
primarily with the blades behaving as rigid bodies, most of 
the deflection occurring at the root.  Consequently, the 
torsional stiffness of the blade is of minor importance, and 
dynamic requirements in torsion will be met if the expendable 
blade concepts are maintained as stiff, or almost as stiff, 
as the current UH-IH blade.  Wichcut detail analysis, it can 
be seen that for all of the expendable concepts, significant 
degradation of torsional stiffness has been avoided. 
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STRESS ANALYSES 

Stress analyses for the standard UH-1H main rotor blade and 
for the four expendable blade concepts, with and without 
added tip mass/ were performed at Rotor Stations 82 and 210 
and at significant intermediate stations.  Stresses were 
obtained at the leading and trailing edges, at the maximum 
thickness station, and at corners or edges of the structural 
components. 

The stresses were calculated for the combination of centrif- 
ugal force (Figures 26 through 29), centrifugal bending due 
to the offset of the centrifugal force vector from the 
structural neutral axis (Figures 26 through 29) , and the in- 
plane and out-of-plane dynamic air load bending moments 
(Figures 38 through 45). 

Margins of safety were determined, as fatigue margins, by 
comparing the calculated alternating stress with the allowable 
alternating stress. This allowable alternating stress was 
obtained from the endurance limit by a straight-line Goodman 
diagram reduction for the calculated steady stress. The 
analytical procedure is the same as that followed in Reference 
1. 

The following formulae were used to determine the stresses 
and margins of safety: 

Pc.E  Mc.x.E  My.x.E   Mx.y.E (1) 

2EA   "     2EIyy   "    SEIyy   +    2 EIxX 

where    f = stress at a point on the blade cross section, 
psi 

Pc = centrifugal force, pounds, tension positive 

E = Young's modulus of material, psi 

2EA = total section axial stiffness, pounds 

Mc = bending moment due to centrifugal force, in- 
plane only, lb-in., positive for leading edge 
in tension 

x = perpendicular distance from stress point to 
major (vertical) structural principal axis, 
inches, positive aft 
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2 Elyy = total section in-plane bending stiffness, 
lb-in. 

My = in-plane bending moment due to air loads, 
lb-in., positive for leading edge in tension 

Mx = out-of-plane bending moment due to air loads, 
lb-in., positive for lower surface in tension 

y = perpendicular distance from stress point to 
minor structural principal axis (chord line), 
inches, positive up 

2 EIXX = total section flapwise bending stiffness, 
lb-in.2 

Note: The fourth term of equation (1) , containing the 
product Mx.y, is assumed to be always positive because of the 
chord line symmetry of the blade section.  This avoids the 
necessity to specify upper and lower stress points. 

FA = FE (i- IT-) (2> rtu 

where F^ = allowable alternating stress, psi 

FE = endurance limit of material at zero steady 
stress, psi 

fs = calculated steady component of stress, psi 

Ftu = ultimate tensile strength of material, ysi 

FA 
M = — - 1 (3) 

£a 

where M = margin of safety 

fa = calculated alternating component of stress, psi 

The material properties used in the stress analysis and in the 
calculation of the section properties are given in Table III. 

The results of the stress analysis are summarized in Table IV. 
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DISCUSSION OF DYNAMIC AND STRESS ANALYSES 

The dynamic bending moment distributions and natural frequen- 
cies are not significantly different from those of the current 
UH-1H main rotor blade for any of the four concepts studied, 
as can be seen from Figures 34 through 45.  The result of this 
lack of significant change is demonstrated in the stress 
analysis.  For all four designs, the margins of safety calcu- 
lated on the same basis as those of the current blade are 
everywhere positive, except in the trailing edge near the 
root of Designs 1 and 4, and Designs 2 and 3 after the addi- 
tion of the tip weights and abrasion strip.  Except in Design 
4, the negative margins are less than 6% and can be corrected, 
if necessary, during detail design by the addition of material 
to the trailing-edge spline near the root.  This will have 
the dual effect of strengthening the blade in in-plane bending, 
and of slightly increasing the in-plane natural frequency and 
reducing the first harmonic amplification factor, and conse- 
quently the bending moment.  The increase in the spline can 
be confined to the sections near the root, and will not up- 
set the blade balance. 

Design 4, however, is seriously below strength, and because 
of the constant section design, any increase in material at 
the trailing edge at the root must be continued outboard with 
the accompanying difficulty in chordwise balance.  Extending 
the aft doubler fingers further outboard becomes increasingly 
impractical from a manufacturing standpoint, and thickening 
the trailing edge will have adverse aerodynamic effects. 
Design 4, therefore, is impractical technically as well as 
due to manufacturing difficulty. 

The aluminum alloy chosen for the spars of Designs 1 and 3 
is 6061, which was selected for its extrudability.  Its 
ultimate strength is considerably below the strengths of the 
harder alloys such as 2014, 2024, and 7075.  However, in 
these applications, ultimate strength can be given up in favor 
of other qualities because it has no serious effect on either 
the design or the life of these rotor blades.  The usual 
benefit which accrues from higher strength is a reduction in 
weight» but in Designs 1 and 3, the spar is used to balance 
the blade section, so that any reduction in spar weight would 
have to be replaced with added ballast.  Reduction in the 
weight of the spar is further precluded by the minimum 
extrudable wall thickness, which was the thickness chosen, 
and which might even increase if one of the harder alloys 
were used. 

The allowable life of the blades is affected primarily by the 
endurance limit of the material chosen, if the flight stresses 
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are constant, and only secondarily by the ultimate strength 
as it affects the Goodman diagram.  The endurance limits of 
all aluminum alloys in general use are about the same, at 
approximately 6,000 psi  (see Table III).  Since less than 
5% of the current blades reach their allowable fatigue lives, 
this consideration is also of minor importance. 

As a structural material, particularly in a fatigue environ- 
ment, 6061 alloy has one significant advantage in its fracture 
toughness.  The crack propagation rate of this alloy is 
appreciably slower than that of other structural aluminum 
alloys.  Figure 46, redrawn from Figure 7 of Reference 6, 
graphically illustrates this characteristic.  The hypotenuse 
of the triangle represents an ideal material where the loss 
of strength is in direct proportion to the loss of area due 
to cracking. The deviation from this line for each of the 
real alloys is the additional reduction in strength due to 
notch-sensitivity. Although the data from which this figure 
was plotted were generated some fifteen years ago, they 
represent valid experimental results in spite of the more 
sophisticated testing techniques and specimens in use since. 
More recent experience tends to confirm the fracture-tough- 
ness relationship between these alloys. The current UH-lH 
blade uses 2014-T6 or 2024-T4 aluminum alloy for the extruded 
spar, so that fracture toughness would improve in the expend- 
able concepts. 

Comparison of the computed natural frequencies, flight bending 
moments, and margins of safety of the expendable blade con- 
cepts with those computed for the current blade shows that, 
with the exception of Design 4, allowable fatigue lives close 
to 2500 hours as specified for the current blade can be 
achieved.  Therefore, a fatigue life of 2500 hours is used 
in the life-cycle cost analysis. 
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Figure  46. Fracture Toughness of 
Aluminum Alloys. 
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RELIABILITY ANALYSIS 

The reliability of three of the candidate design concepts was 
studied and compared with that of the current UH-1D/H main 
rotor blade.  Because of the manufacturing problems described 
above. Design 4 was not pursued into the reliability phase of 
the study. 

Attention was given during the reliability analysis to com- 
binations of materials, and construction details, which could 
be expected to have slow rates of crack propagation, and to 
design details which would increase resistance to corrosion. 
Corrosion is more important to the maintenance of an 
expendable blade because there is less opportunity to arrest 
corrosion, especially if the intermediate maintenance level 
is physically far removed from the organizational level. 

As background for the reliability analysis, a UH-2 main rotor 
blade with glass-fiber-reinforced plastic skins which had 
been greatly repaired at military depots was examined.  This 
examination provided the experience on which the failure 
modes and effects analysis (FMEA) was based for the skins of 
Designs 2 and 3.  From this, and general service experience 
for the current UH-1H blade, FMEA's to the piece-part level 
were prepared for the current UH-1H blade and candidate 
Designs 1, 2, and 3. P irts were omitted from the analysis 
whose modification, if any were needed, from the present 
UH-1H design would not affect the rate of removal or scrap. 
The failure modes and effects analyses are presented in 
Appendix I. 

The descriptions oi" failures or damage quoted in the "Mode of 
Failure" columns of Table XIV in Appendix I are those listed 
in Table H-I of Reference 2.  The frequencies of removal from 
this table were ratioed to conform with those given in 
Appendix IV (Attachment F-l of Reference 5) for inherent and 
external causes.  The total frequency is thus the reciprocal 
of (.292/547 and .708/400), or 434 hours.  Refinements to 
Table XIV resulted in a value of 442 hours, but the accuracy 
remained close enough that correction was not warranted. 
These data referred to MTR values, but examination of Refer- 
ence 2,   after completion of Table XIV, indicated that an 
MTBR of 1063 hours (Tables XIII and D-VII of Reference 2) 
distributed 24.5:75.5 between inherent and external causes 
(M & R data. Table XIII, Reference 2) is more realistic.  The 
remainder of the reliability, maintainability, and cost 
analyses is based on these latter failure rates and causes. 

The removal rates for specific failure modes or damage to the 
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current UH-1H obtained as above were apportioned by 
engineering iudgment to piece parts of the blade, if defects 
in more than me location could lead to the given failure 
report coding. These removal rates were considered failure 
rates and listed in the first column of the FMEA's (Appendix 
I).  They were modified to suit candidate configurations 
according to vulnerable area, strength ratios, durability, 
aerodynamics, and anticipated attitudes of future field 
personnel using expendable blades.  The damage descriptions 
utilized are those defined as follows: 

Dent - As might be caused by bullet, foreign objects, 
mishandling, or tools. 

Puncture - A hole through one surface of the part being 
analyzed. 

Battle Damage - A projectile through the blade. 

Foreign Object - Damage caused by collision with small 
or large objects such as trees, other 
aircraft, poles, or objects in the air. 

General Reliability Analysis Conclusions 

A summary of failure rates for the four configurations is 
shown in Table V. The predicted failure rates for the totals 
of inherent causes are not drastically different from one 
configuration to the other; but in the case of the external 
damage total failure rates, there are substantial differences 
in vulnerability. 

Fiberglass skin blades are less likely to develop large voids 
under the skin in the field. Voids in manufacturing are 
detectable by translucence. A strictly expendable maintenance 
concept for a blade with fiberglass skin is considered to be 
less efficient than a concept which allows nonextensive 
repairs at the user level, because repairs made to fiberglass 
skin are quite reliable. Minor repairs prevent propagation of 
damage to the extent of adversely affecting flight. 

An aluminum skin is prone to fatigue failure caused by notch 
effect at a point where the skin was damaged during installa- 
tion or use.  A strictly expendable concept for an aluminum 
skin blade, however, is considered safer than allowing repairs 
at user level, because patches on aluminum skin should be 
inspected daily for cracks. 
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TABLE V. SUMMARY OF FAILURE RATES 

1   Mode 
Failures Per 10** Blade Hours        | 

Current 
UH-IH Design 1  Design 2  Design 3 

Inherent 
Failure 230.4 181.9     145.8     153.0 

' External 
| Damage 710.3 754.4     633.8     942.6   | 

Total 
Fail Rate 940.7 936.3     779.6   1,095.6   | 

MTBR 
| (Blade Hr) 1,063.0 1,068.0    1,282.7     912.7   | 
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For any design, a strictly expendable concept involves the 
hazard that organizational level personnel may try to c/et too 
many flights out of a marginally defective blade whan the only 
alternative is scrappage. Minor repairs at user level facil- 
ities allow safe operation until replacements can be obtained, 
as well as reducing scrap costs. 

Because of the difficulty of detecting damage due to overspeed 
or overload, the safety of future helicopters in this category 
would be enhanced by the use of overspeed-recording indicators 
and indicators for recording torque and time. 

All of the candidate blades analyzed use cores with straight 
sides.  This will result in less defects involving voids being 
found in the field than experienced to date with either the 
current UH-1 or current H-2 main rotor blades. The simpler 
geometry of these cores allows manufacturing with more uni- 
formity of bonding between core and skin.  Thus, in field use, 
there are less weak spots which can fatigue early in the blade 
life to become larger voids and adversely affect performance. 
Two of the candidate blades have leading edges which lack the 
protection from abuse that the full length steel sheath pro- 
vides in the current UH-1. The possibility that such abuse 
might cause notch effects and fatigue failures in flight is 
something that would be investigated more fully during a pro- 
totype phase contract. 

Reliability Analysis Conclusion on Design 1 

This design involves less probability of voids and other 
bonding defects occurring in the field than the current UH-1H 
design.  In mid-span there are fewer parts that require 
bonding and all are aluminum; therefore, the bonds are not 
stressed by differences in thermal expansion coefficients. 
The heavy leading-edge spars of Designs 1 and 3 will absorb 
impact that would loosen the nose block bonds of the current 
UH-1H design.  This design involves a straight-sided core 
which is easier to carve and handle in manufacturing than the 
contoured core of the current UH-1H blade.  Therefore, voids 
in manufacturing and resulting •'ncreased voids in field use 
are expected to be less than with the current UH-1H blade. 
The skin material, however, is the same and the core is 
similar.  Therefore, the ability to be repaired at local 
intermediate trhops, after damage that is past the limits 
allowed in the skin witnout any repair, is no better in this 
candidate blade than in the current UH-1H blade.  Specifi- 
cally, any skin patches applied inboard of Station 240 should 
be inspected daily for cracks.  The spar is extruded in a 
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shape which inhibits vertical movement of the core after 
failure of the core-to-^par bond.  Thus, the probability of 
skin fatigue cracks at the edge of the spar is reduced. 
Degradation from galvanic   '■m after failure of adhesive 
or coatings is minimal in ti-i.  -^ign and in Design 3, as the 
number of nonaluminum parts is   lited. 

Reliability Analysis Conclusion on Design 2 

The FMEA on this design is based partly on developmental lab 
results in steel spar blades for helicopters now in use.  This 
design involves a higher risk of bond failure causing catas- 
trophic results than any of the other candidates. This con- 
figuration also requires seven pieces to be bonded at mid-span 
in the forward portion of the blade.  Bond failure of one 
piece, the stiffener, would only degrade the appearance of the 
blade on the ground. 

The strength of the spar depends entirely on the strength of 
the bonds, and inspection methods are limited to X-ray, ultra- 
sonic, or tapping.  There is no cobalt alloy erosion sheath 
on this blade, but erosion is not expected to be as severe as 
had been experienced using steel sheaths due to the stiffness 
of the nose skin itself. A thin sheath vibrated by the wet 
airstream will erode faster than a thick nose skin of erosion- 
resistant material right through. The heavy skin at the aft 
end of the spar assembly will resist cracking and failure of 
the core-to-spar assembly bond. 

None of the materials in the aft section are corrodible.  The 
thick aft skin over the shear web provides good protection for 
this portion of the spar against glancing bullets and foreign 
object damage.  Damage would propagate more slowly in the 
unidirectional fiberglass spline than in the spline of any of 
the other designs considered. 

Reliability Analysis Conclusion on Design 3 

The skin and core of this design are only lightly loaded and 
may absorb considerable damage without reducing the stiffness 
of the blade.  In the case of minor damage to the skin or 
core such as deep scratches or nicks, or punctures which do 
not extend deep enough to degrade the shear web, repair 
could be mad5 using only adhesives.  However, in the case of 
projectiles through the shear web, the blade would need to be 
scrapped.  After a core-to-spar bond failure, the shear-web- 
to-core bond restricts core movement.  Thus the fatigue life 
of the skin at the aft edge of the spar is extended. 
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The heavy all-aluminum spar is wider than the current UH-1H 
blade and, therefore, would be hit by projectiles more fre- 
quently.  The 6061 aluminum alloy of the Design 3 spar, 
however, does not allow crack propagation as readily as the 
box beam of the current UH-1H blade.  Furthermore, the heavy 
leading edge of  i _ Design 3 concept spar could absorb a 
stronger shock without cracking than the leading edge of the 
current UH-1H blade.  The heavy leading edge of the Design 3 
spar is not expected to save many blades from being scrapped 
due to collisions with foreign objects as compared with the 
UH-1H, because there are limits on the depth of the damage in 
the Design 3 spar that can be polished out without causing 
stress concentration points which might lead to a fatigue 
failure in a future flight.  The current UH-1H blade has a 
steel sheath which absorbs abuse without denting to extensive 
depths and can be polished down nearly through its thickness, 
as it is not a principal load-carrying member. 

This concept should be freer of bond defects than any of the 
other concepts analyzed.  First, there are less parts in mid- 
span bonded.  Second, the parts that are bonded are more 
lightly loaded than in the other concepts.  Third, the only 
thermal stresses on the bonds at mid-span are aluminum to 
skin. 

Theoretically, the peel strength of the skin-to-core bond 
determines the probability of a tear propagating, not the 
strength of the skin.  Fiberglass skin does not tear readily. 
There is, however, a lack of field experience with helicopter 
blade fiberglass skins as thin as .012 inch at manufacture. 
If this candidate design is chosen for a prototype program, it 
is recommended that tear propagation tests be conducted as 
the last portion of a whirl test. 
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MAINTAINABILITY ANALYSIS 

A study of competitive blade designs within an expendable con- 
cept must include repair considerations for cases involving 
relatively minor damage.  A maintainability analysis was 
performed to assess relative repairability and cost of repairs 
in terms of man-hours and materials. Also evaluated were 
equipment requirements and personnel skill levels needed to 
accomplish the work.  The maintainability analysis was 
developed from the reliability effort which assigned damage 
types and rates to candidate blades. 

The selected approach to maintainability analysis produced 
data in terms suitable for input to the cost model so that 
the cost of maintenance could be included in the total life 
cycle costs for each blade design; the basic data determined 
were repair probabilities, maintenance man-hours per flight- 
hour, mean aircraft downtime, and materials required to 
accomplish repair. 

Scrap Versus Repair Decision 

Apportionment of damage types and frequencies was accom- 
plished for each of three candidate blade designs plus the 
current UH-1H blade via the failure modes and effects analysis 
performed by the Reliability Group.  Individual damage types 
were then analyzed by the Maintainability Group and scrap or 
repair decisions were made using the following guidelines: 

a. The only repairs permitted were those which could 
be accomplished using techniques, materials and 
personnel skills currently in use up to the level 
of intermediate maintenance. 

b. All other damages, including those which would 
normally qualify for depot repair under current 
standards, were designated as scrap. 

The scrap versus repair decisions are recorded in the last 
column of the failure modes and effects analysis sheets which 
appear as Tables XIV through XVII of Appendix I. 

Maintenance Levels Assigned to Accomplish Repairs 

Damages judged to be repairable were assigned to the mainte- 
nance level best suited to accomplish repair.  Assignments are 
indicated in Tables XVIII through XXII of Appendix II.  Orga- 
nizational and intermediate level actions are indicated by 
entry of a repair time estimate in the respective repair time 
columns.  A summary of the repair actions performed at the 
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two levels of maintenance can be found for all blade configu- 
rations in Table VI. Maintenance level assignments were made 
using the following guidelines: 

Organizational 

a. May be accomplished by mechanic who normally 
inspects and maintains the helicopter. 

b. Removal of blade not required. 

c. Pneumatic tools or electrical equipment not 
required. 

d. Relatively short aircraft downtime. 

Intermediate 

a. Requires mechanic trained in repair of rotor 
blades. 

b. Removal of blade from helicopter significantly 
facilitates repair. 

c. Availability of tools and power sources 
significantly facilitates repair. 

d. Aircraft downtime to replace blade generally 
less than downtime to repair blade. 

Table VI presents a summary of the dispositions of all 
damage as organizational level repair, intermediate level 
repair, or scrap, and includes the present UH-1H blade 
treated as expendable and as currently used. 

Repair Procedures 

Seven basic repair procedures were devised such that they 
could be used singly or in combination to accomplish repair 
of any damage incident previously judged repairable at organi- 
zational and intermediate maintenance levels.  The procedures 
are included in Appendix III.  It should be noted that the 
procedures are general in nature and not intended as instruc- 
tions to maintenance personnel.  They were used analytically 
in estimating times to accomplish repairs and to assure that 
adequate consideration was given to repair materials and 
equipment requirements.  Specific combinations of procedures 
used and active repair times for each are given in Tables 
XVIII through XXII of Appendix II. 
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TABLE VI. SUMMARY OF DISPOSITIONS 

Config- 
uration 

Failure 
Mode 

Depot 
Scrap 

Depot 
Repair 

Field 
Scrap 

Inter. 
Repair 

Org. 
Repair. Total 

Part I. Fail ures Pe r 106 Blade Hours 

Current 
(Repair- 
able) 

Inherent 
External 
Total 

74 
296 
370 

5 
4 
9 

35 
139 
174 

.1 

.5 

.0 

100.2 
182.0 
282.2 

20.6 
61.3 
81.9 

0.0 
31.1 
31.1 

230.4 
710.3 
940.7 

Current 
(Expend- 
able) 

Inherent 
External 
Total 

209.8 
551.3 
761.1 

20.6 
127.8 
148.5 

0.0 
31.1 
31.1 

230.4 
710.3 
940.7 

Design 1 Inherent 
External 
Total 

140,0 
573.5 
713.5 

20.5 
130.9 
151.4 

21.4 
50.0 
71.5 

181.9 
754.4 
936.3 

Design 2 Inherent 
External 
Total 

67.4 
379.5 
446.8 

76.4 
183.9 
260.3 

2.0 
70.5 
72.4 

145.8 
633.8 
779.6 

Design 3 Inherent 
External 
Total 

76.0 
509.6 
585.5 

61.8 
363.0 
424.7 

15.3 
70.1 
85.3 

153.0 
942.6 

1095.6 

Part . II. % of Tctal Per Blade 

Current 
(Repair- 
able) 

Inherent 
External 
Total 

7. 
31. 
39. 

9 
5 
4 

3 
14 
18, 

7 
8 
6 

10.7 
19.3 
30.n 

2.2 
6.5 
8.7 

0.0 
3.3 
3.3 

24.5 
75.5 

100.0 

Current 
(Expend- 
able) 

Inherent 
External 
Total 

22.3 
58.6 
80.9 

2.2 
13.6 
15.8 

0.0 
3.3 
3.3 

24.5 
75.5 

100.0 

Design 1 Inherent 
External 
Total 

14.9 
61.2 
76.2 

2.2 
14.0 
16.2 

2.3 
5.3 
7.6 

19.4 
80.6 

100.0 

Design 2 Inherent 
External 
Total 

8.6 
48.7 
57.3 

9.8 
23.6 
33.4 

0.3 
9.0 
9.3 

18.7 
81.3 

100.0 

Design 3 Inherent 
External 
Total 

6.9 
46.5 
53.4 

5.6 
33.1 
38.8 

1.4 
6.4 
7.8 

14.0 
86.0 

100.0 
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Repair Kits 

Availability of standard repair kits significantly reduces 
administrative and supply delays.  Three kits are defined in 
Table XXIII of Appendix III.  Each is related to a particular 
type of repair.  Kit requirements for all organizational and 
intermediate level repairs of candidate blades are listed in 
Tables XVIII through XXII of Appendix II.  A summary of kit 
use frequencies for each blade configuration is given in 
Table VII of this report.  All kits have unlimited shelf life 
due to exclusion of adhesives and filler mixes.  The adhe- 
sives must be stocked separately, and it is recommended that 
they be packaged in special two-compartment plastic pouches 
of a type already in use. 

Equipment Requirements 

Table XXIV, Appendix III, lists three groups of equipment 
used to accomplish repairs.  The groups of equipment are 
numbered 1 through 3 and are directly related to the repair 
kits of the same numbers listed in Table XXIII of Appendix 
III. Thirteen items of equipment are listed, and all are in 
the Army supply system or commercially available except item 
2, which is a specially designed inflatable rubber bladder 
and strap assembly which would be vrapped around a blade 
section being repaired to create bond pressure.  The bladder 
design is simple and the item is inexpensive.  A photograph 
of the bladder in use is shown in Figure 51 of Appendix III. 

Skill Levels 

Those repairs designated for organizational level maintenance 
are within the capabilities of "Helicopter Repairman - Single 
Rotor, Turbine Observation/Utility", MOS 67N20. 

The repairs designated for intermediate level maintenance are 
within the capabilities of "Rotor and Propeller Repairman", 
MOS 68E20. 

Blade Repairability 

Table VI of this report summarizes the scrap/repair disposi- 
tions made on all damage apportioned to the three expendable 
blade designs plus the present UH-1H blade first treated as 
a repairable blade and then as an expendable blade.  Table 
VI is in two parts.  Part I lists absolute numbers of 
different types of dispositions projected for each of the 
blades per 106 blade operating hours.  Part II lists each 
type of disposition in terms of percent of the total disposi- 
tions made for the respective blade. 
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The total repairability of candidate blade configurations 
ranges from a low of 19.1% for the current UH-1H blade treated 
as expendable, to a high of 46.6% for Design 3.  However, the 
latter blade design, as Part I of Table VI shows, was judged 
to be most susceptible to damage, with 1095.6 failures pro- 
jected per 10*> blade hours.  The blade least susceptible to 
damage was Design 2 with 779.6 failures anticipated. 

The higher repairability forecast for Design 3 is attributed 
to the use of fiberglass skins, which offer opportunity for 
larger patch repairs at the intermediate maintenance level. 
The most significant factor contributing to the low failure 
rate of Design 2 is its very durable and damage-resistant 
stainless steel spar. 

Maintenance Times 

Table VIII is a tabulation of system downtimes in calendar 
hours for each of the blade configurations.  The methods used 
to calculate maintenance times are described below. 

Mean-Time-to-Repair (MTTR) 

The rüt:aii-time-to-repair is the arithmetic average 
or all repair times at each of the two maintenance 
levels.  It is derived by summing the repair times 
and dividing by the number of repair actions.  Only 
the actual blade repairs are included in the MTTR. 
The time for blade replacement in cases of scrap or 
higher level repair is omitted. 

Maximum Repair Time (Mmax) 

The maximum repair time is the 90th percentile repair 
time based on a lognormal distribution.  The 
assumption of a lognormal distribution is based on 
statistical analyses of helicopter field maintenance 
records by the contractor which show this distribution 
yielding the best fit to similar repair actions. The 
density function for X(x = 3og t), normally distributed 

with meanxand standard deviation 0^ is: 

f (X, X , Crx) dx = (, 1  _ ) exp  - ( x  -  X  )2 dx 

The method used to define the repair time distribution 
function has been developed by the contractor as part 
of a maintainability prediction model for aircraft 
systems and equipment.  Equations developed from 
regression analysis of helicopter repair time data are 
used to predict the mean and variance of the log repair 
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times based on a known or calculated MTTR. 

The least squares regression equation used to calculate 
the variance is 

(J      =   .0039 + .0990 MTTR 

_ 2 
where O  = the variance of the logarithms of repair 

time. Available data indicates that this equation is 
reasonably valid for MTTR in the approximate range of 
0.5 to 6.0 hours. 

From the mean time to repair and the variance, the mean 
of the logarithms is calculated using 

X = log MTTR - 1.1513 O" 2 

where X = the mean of the logarithms of repair time 

The maximum repair time is then calculated from 

"max = antilo,3 (X + 1.282 0" ) 

where M,,,^ = the 90th percentile repair time 

CT = the standard deviation of the logarithms 
of repair time 

Mean-Maintenance-Downtime (DT) 

For organizational level repair actions, the helicopter 
will be down for the elapsed time required to effect the 
repair. Damage beyond repair or beyond organizational 
capability requires that the rotor blade be replaced 
and the damaged blade scrapped or sent to a higher level 
facility for repair. Aircraft downtime in these cases 
is the elapsed time required for a blade replacement. 
Based on an average of 7.5 man-hours per replacement 
(see Appendix IV) and an average crew of two men, the 
active maintenance downtime for a main rotor blade re- 
placement is estimated at 3.75 hours. The mean- 
maintenance-downtime is then the arithmetic average of 
the organizational repair downtimes and the blade 
replacement downtimes.  Downtime is the time during 
which maintenance is actually being performed.  In the 
case of on-aircraft blade repair, time is added to 
account for adhesive and paint curing time where 
applicable.  No allowances are made for administrative 
or supply delays. 

Maintenance Man-Hours per Flight Hour (MH/FH) 

In keeping with the computation of maintenance down- 

101 

mugm —.....-„■....,■■>,-„,-,„„„„■ liltllMg|^MMlil  i   |[,iOTailitlttiia|iar^-.IB-.  , - 



_.  
—'— 

time, the man-hours at the organizational level are 
those required for on-aircraft blade repair or blade 
replacement when damage is beyond organizational 
capability. For both the organizational and inter- 
mediate level repair actions, man-hours are 
equivalent to repair time (one man per action) . 
Unlike the downtime calculation, no time is allowed 
at organizational level for adhesive and paint 
curing, since no productive maintenance is performed 
during this time.  An average of 7.5 man-hours is 
allocated for a blade replacement at organizational 
level. 

Maintenance man-hours per flight-hour at the inter- 
mediate level are obtained by multiplying the MTTR 
per action by the number of actions projected per 
106 flight hours, and then dividing by 10^ hours. 

Maintenance man-hours per flight-hour at the organi- 
zational level are obtained by summing the products 
of MTTR times number of repair actions plus 7.5 
hours times number of replacements, and then divid- 
ing by 106 hours. 

Balance and Track 

Because the blades will be manufactured to be dynamically 
interchangeable with each other by a method which provides 
information for the complete mass characteristics of each 
blade, it is possible to make a chart relating each type of 
repair to the balance adjustment required to be made at the 
tip.  In rare instances, insufficient adjustment may be avail- 
able, due to manufacturing variations, and these blades 
should be scrapped rather than repaired. This combination 
of a specific repair with insufficient adjustment range will 
occur so rarely that the effect on the scrap rate will be 
insignificant. The time required to change the tip balance 
weights is included in the repair time, where balance 
adjustment is necessary. 

Because all the allowable repairs are of relatively small 
extent, any effect on track ducj to changes in contour can be 
readily corrected by adjustment of the trim tab. The basic 
blade will suffer no change in actual or effective twist, so 
that adjustment of the pitch link is unlikely to be necessary. 
The amount of trim tab adjustment will be small, and the time 
required to correct the track is included in the time to 
install the blade. 
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COST ANALYSIS 

Utilizing the cost model described earlier, main rotor blade 
life-cycle costs were generated for current UH-lD/H blades 
and the three expendable blade designs.  Cost elements gen- 
erated in this study are described herein, and those supplied 
by the Army are identified here as well as being included in 
Appendix IV, 

Price of New Blades 

With a given concept defined physically, a cost estimate to 
produce the blade was made, and the experience curve slope was 
established as shown in Figure 47.  The adjusted candidate 
blade costs, based on mid-1971 rates, are shown in Table IX, 
along with the production cost estimate of the UH-lD/H blade. 
To the production cost are added the nonrecurring cost amor- 
tized over 10,000 blades, and profit.  This price is consid- 
ered the FOB price to the Government in the cost analysis. 
The nonrecurring costs include design and analysis along with 
static, fatigue, whirl, and flight testing.  The cost of 
producing the UH-lD/H blade was estimated in the same manner 
as the candidate blades. For the 10,000th unit, this blade 
price was more than the stated value of $3000. The price of 
all blades was therefore adjusted so that the candidate blade 
prices are consistent with the given UH-lD/H blade price. 

Blade Damage Analysis 

Details of this analysis are described in the Reliability and 
Maintainability Sections, and the results as used in the cost 
analysis are presented in Table X.  The values shown in the 
table are fractions of total life-cycle damage events as 
determined by the failure modes and effects analysis and 
damage disposition. The results of the UH-lD/H blade damage 
analysis show a user repair capability of 19% compared to the 
Government-specified user repairability for this blade of 
12%.  The reason for the increased user repairability is that 
the analysis assumes that organizational/intermediate level 
personnel will successfully attempt repairs that previously 
would have been dispositioned back to a higher repair level 
if such a facility existed. 

Repair Costs 

Repair of blade damage is resolved in the form of several 
repair kits applicable to all blades singly or in combina- 
tion.  For each expendable blade design, the maintainability 
analysis identifies the number and type of repair kit along 
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TABLE IX. COST OF NEW BLADES TO THE ARMY 
(DOLLARS, FOB) 

Prod. Cost 
Est.* 

RDTE Cost 
per Unit Profit 

Blade Price 
to Army 

UH-1D/H 2593 86 321 3000 

Design 1 2186 113 275 2574 

Design 2 2612 119 328 3059 

Design 3 2335 124 296 2759 

* Based on 10 
adjusted to 
the current 

000th unit of production and 
agree with specified price of 
UH-1D/H blade. 
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with the mean-time-to-repair (MTTR).  Table XI defines the 
kits, kit prices, and quantities necessary to perform the cost 
analysis on an aircraft life-cycle basis. 

Support equipment required to repair blades using the desig- 
nated repair kits is defined in the Maintainability Analysis. 
The price of equipment to support any or all of the kit 
repairs is estimated at $470, including transportation. 
Assuming that five sets of equipment will be required for a 
company of ?5 aircraft, the cost per aircraft is approximately 
$94.00. 

The material cost and the mean-time-to-repair the current 
UH-1D/H blade were determined in the same manner as the 
expendable blade design candidates for uniformity of the 
repair cost comparisons. The blade repair analysis described 
in the Maintainability section provides an estimated MTTR of 
1.45 hours not including other associated hours such as 
inspection, removal and replacement, and requisition times 
which are accounted for separately from the actual repair 
time. 

The allowable operating time (AOT) due to fatigue is assumed 
at 2500 hours for the UH-1D/H blade, and the same value is 
assumed for the expendable blade design candidates since the 
margins of safety are about the same. 

Program Cost Analysis 

The contractor-determined cost elements described above,along 
with cost elements supplied by the Government and presented 
in Appendix IV, can now be incorporated into the cost model 
to determine program life-cycle costs.  The current UH-1D/H 
will be used as an example, while costs for all blade con- 
figurations are tabulated in Table XII. 

Cost elements supplied by the Government and used in the 
various cost model equations are defined as follows: 

N   = Number of blades per aircraft 2 

L   = Aircraft life cycle, fit. hours 5000 

c      = Container cost, dollars 200 
c 
SA = Blade air shipping cost one way, dollars        130 

cm  = Organizational level labor rate, dollars 
per hour 4.00 

Ml  = MMH in addition to MTTR at intermediate 
level, hours 9.0 
Basis: Inspection and disposition = 1.5 hours 
Removal and installation = 7.5 hours 
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M2   = MMH in addition to MTTR at Org. level, hours    1.5 
Basis:  Inspection and disposition = 1.5 hours 

M3   = MMH to scrap blade at Org./Inter, level, hours 15.0 
Basis:  Removal and installation = 7.5 hours 

Requisition of replacement = 3.0 hours 
Obtaining replacement = 3.0 hours 

Inspection and disposition = 1.5 hours 
n 
^sp  = Shipping cost of repair materials, fraction 

of cost 1.10 

CSC  = Container shipping cost one way, dollars      45.0 

KA   = Number of blades lost to attrition 3.0 

Blade Damage Events per Aircraft Life Cycle; 

Nbf = (
5^-N) 

.2  x 5000  0, 

=  7.41 

Fraction of Blade Damage Fatigue Retired; 

KBF  =  (KBR) l-395/(AOTxl0-2) 1-835 

=  27 (.184) 1-395/(25) 1.835 

=  .0073 
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Initial Costs: 

Blade outfitting = n Cnb= 2 (3000) = $ 6,000 

Spare blades and containers 

= [Nbf/20]   [(KBS+KBF)  (Cnb+Cc+CSA)] 

= [7.41/20]  |j.809+.007)  (3000+200+130)] 

=  .371 (.816)  (3330) "    =  1,006 

Spare materials 

= [Nbf/20]    [KBR(CpCsp)]  +CE/20 

=  .371    [7l91  (24.40) (1.10)] + 94/20 

=1.9+4.7 " =      6 

Operating Costs; 

Organizational/Intermediate repair labor 

= Nbf fm^l^R)  KBRF+Cm(M2+TP)  KBRo] 

= .7.41  [4 (9+1.45)  .158 + 4 (1.5+1.45) .033] 

= 7.41  [6.4 + .366] =     52 

Organizational/Intermediate repair materials 

= Nbf [!CP
Csp)  (Kbr)J   +CE 

= 7.41 [(24.40)  (1.10)  (.191)] + 94 

=     7.41      (5.2)     +94 = 132 
Organizational/Intermediate scrap and  fatigue  retire 

=    Nbf    [(KBS+KBF)    (Cnb+CSA=CSC+CmM3i] 
=     7.41     v.809     +   .00741)      [3000+130+45+4(15)] 

=     7.41     (.816)      (3235) =     19,313 

Attrition Costs: 

Attrition costs = KA (Cnb+CSA) =3.0 (3000+130) 9,390 

Total Program Cost/Aircraft Life Cycle = $35,899 
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Discussion of  Cost Analysis 

A review of the cost model inouts and results indicates that 
the following items most significantly affect the expendable 
blade  program  costs   per  aircraft  life  cycle: 

(1) New blade costs 
(2) Blade damage resistance 
(3) Blade repairability 

The cost model equations were adapted to a Hewlett Packard 
2000C time-sharing computer so that variations in program 
costs due to the above factois could be easily evaluated. 
Figure 48 shows program costs as a function of varying blade 
prices,with other cost factors remaining the same as deter- 
mined in the design analysis.  It can be readily seen that 
for a given blade price. Design 2 is the most effective in 
terms of its combined ability to resist damage and to be 
repaired once damage has occurred.  Also shown on the plot 
are symbols denoting the comparable blade prices as deter- 
mined by the contractor in this study. 

A variation in the capability of the blade designs to resist 
damage is shown in Figure 49 in terms of program costs versus 
blade-time-between-damage.  This plot indicates that Design 3 
is favorable in terms of blade price and repairability for a 
given BTBD.  However, the study results indicate that this 
design has less resistance to damage and a lower BTBD than 
Designs 1 and 2; consequently, it is not the preferred design 
from a program cost standpoint. 

The third significant cost factor is the capability of the 
blade design to be repaired once damage has occurred.  The 
actual repair costs are of little significance, but the 
scrap costs, if the damage cannot be repaired, are very 
important. Figure 50 describes program costs versus the 
fraction of blade damage repaired at the user level.  As 
shown in the plot, blade Designs 1 and 2 are competitive in 
terms of program costs for a given repairability in the range 
determined by this study.  However, Design 1 is less repair- 
able according to this study, as shown by the symbols on the 
plot, while Design 2 again is the more favorable concept. 

In summary, each of the expendable blade designs offers some 
advantage over the current UH-1D/H blade from a life-cycle 
blade program cost standpoint: 

« Blade Design 1 is the least expensive to produce 
but lacks the degree of field repairability 
incorporated in the other two designs. 
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Figure  48, 

3000 
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Program Cost vs New Blade Cost, 

4000 
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«  Blade Design 3 is a moderately priced blade 
but has less ability to withstand damage. 

•  Blade Design 2,  while costing more to produce, 
is the preferred design because its ability to 
resist damage and to be repaired in the field 
outweighs any price disadvantage compared to 
the other designs. 

The results of this life-cycle cost analysis indicate that 
the preferred expendable blade Design 2 will reduce blade 
program cost by 23% compared to the current UH-1D/H concept. 
Table XIII compares 10-year life-cycle costs of all blade 
designs with the UH-1D/H for fleet sizes of 500, 1000, and 
2000 aircraft. Design 2 shows an annual blade program cost 
reduction of 1.6 million dollars over the current UH-1D/H 
blade concept for a fleet size of 2000 aircraft. 

Sensitivity of Cost Factors 

A variation in the critical cost factors that make up life- 
cycle costs provides an assessment of the risks involved 
should the expendable blade concept be incorporated.  Sensi- 
tivities of the significant cost factors discussed earlier 
are shown below for Blade Design 2: 

Cost Factor Variation Program Cost Variation 

+10% Blade Price +9% 
+10% Blade Damage Rate +8% 
+10% Blade Repair/Scrap Fraction +5% 

Blade price is the most significant cost factor to be con- 
sidered »followed closely by the ability of the blade to with- 
stand damage. The ability to repair the blade at the organi- 
zational or intermediate level is the least important of the 
significant cost factors. 

One aspect of operating costs that is not considered in this 
study is the human nature element.  It is a generally estab- 
lished fact that when a blade is damaged, a new replacement 
will be used if available.  The damaged blade, even though 
repairable, is then subject to further damage by hangar rash, 
handling, e-c. For the extreme situation, the fraction of 
blades repaired would go to zero, but as shown in Figure 50, 
Designs 1 and 2 still yield a program cost reduction of about 
12%. 
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TABLE XIII.  COMPARISON OF LIFE-CYCLE BLADE PROGRAM 
COST VERSUS FLEET SIZE 

Fleet Size Percent 
of 

UH-lD/H 500 A/C : 1000 A/C 2000 A/C 

Current UH-lD/H      17.95 3F.90 71.80 100.0 

Design 1            15.01 30.02 60.04 83.6 

Design 2            13.88 27.76 55.52 77.3 

Design 3            15.07 30.14 60.27 83.9 

Note:  Costs are shown in mi llions of dollars. 
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CONCLUSIONS 

The study performed in this program shows that application 
of current state of the art to design and manufacturing 
techniques, and to material selection, can substantially 
reduce the life-cycle costs of helicopter main rotor blades 
in U.S. Army service. Of the four design concepts on which 
studies were initiated, three proved, within the limitations 
of a theoretical investigation, to have significant cost 
advantages over the current UH-1H main rotor blade, without 
serious impairment of aerodynamic, dynamic, or structural 
characteristics. 

Each of the three successful concepts achieves a reduction in 
life-cycle costs by means of an advantage in a specific cost 
area.  These specific advantages and the design features 
contributing to them are listed below, for each design. 

Design 1 

A moderate life-cycle cost advantage is achieved by reducing 
manufacturing and material costs and, therefore, initial 
procurement cost.  This concept has the lowest price of the 
three, by virtue of its simple design and minimum number of 
component parts.  Vulnerability and repairability differ very 
little from those of the current UH-1H blade, so that the 
reduction in life-cycle costs directly reflects the reduction 
in initial procurement cost. 

Design 2 

Although marginally more expensive in initial procurement 
cost than the current UH-1H blade, this concept exhibits 
lower life-cycle costs than either the current blade or 
Designs 1 or 3, by a substantial margin.  The materials com- 
bination of stainless steel and glass-fiber-reinforced plastic 
affords a very great improvement in environmental protection 
and in vulnerability to external damage.  This major reduction 
in vulnerability, combined with an increase in repairability, 
results in life-cycle costs some 23% below those of the 
current blade. 

Design 3 

The initial procurement cost of this concept falls between 
those of the current blade and Design 1.  Incorporation of a 
unique design feature, a buried shear web on the chord plane, 
affords a great improvement in repairability, which more 
than offsets an increase in vulnerability to external damage. 
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The combination of reduced procurement cost and improved 
maintainability results in life-cycle costs little more than 
those of Design 1. 

It is concluded, therefore, that a blade design incorporating 
a formed sheet stainless steel spar and a glass-fiber-rein- 
forced plastic after body is superior to all other concepts 
within the constraints imposed by the section properties of 
the current UH-IH main rotor blade.  Freed of these con- 
straints, further advantage could be shown by reducing manu- 
facturing cost by at least three means.  First, the separate 
nose ballast could be eliminated by increasing the thickness 
of the nose skin; second, spar sheet-metal thicknesses could 
be chosen such that the fiburglass aft skins could be con- 
stant thickness, requiring no build-up with additional 
laminations; and third, the partial span stiffener could be 
replaced by a full-length structural member. Since these 
design changes would prevent matching the current UH-IH blade 
section properties, this approach would be appropriate for a 
new aircraft program, where the airframe and rotor design is 
still fluid, and more sophisticated and complete dynamic 
analyses can be performed. 

The formed sheet-metal spar, as distinct from an extrusion, 
can be varied in section along the span, providing a signif- 
icant advantage in optimizing airfoil sections for future 
higher performance helicopters.  Intangible advantages, such 
as a reduction in the number of blades in the logistics 
pipeline and a reduction in the maintenance manpower required, 
accrue directly from the decrease in vulnerability. 

A general conclusion can be drawn with respect to the elimina- 
tion of depot repair. Table XII shows that the life-cycle 
cost difference between repairable and expendable operation 
of the current UH-IH blade is less than 0.2%, and therefore 
negligible.  The decision to incorporate depot repair in a 
new or existing blade program would be determined by such 
factors as logistics and availability of manpower.  For an 
existing blade the availability of depot facilities and for 
a new program t^e first cost of such facilities will be 
overriding con  ierations not explored in this study.  The 
study is limitec to one particular aircraft system a,:d the 
conclusions cannot be generalized for larger, more complex, 
and more expensive rotor systems; but for helicopters in the 
UH-IH class, the expendable concept is shown to be valid. 
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RECOMMENDATIONS 

It is recommended that a program be initiated to perform the 
detail design, analysis, and manufacture of a prototype test 
quantity of expendable helicopter main rotor blades.  Three 
of the configurations studied in the course of this program 
show promise of providing significant cost savings to the 
Army, either through lower initial cost or through increased 
utilization, and all are worthy of consideration for 
development and evaluation. 

Ground structural tests, whirl tests, and flight tests should 
be performed.  These blades can be designed to match the 
section properties of the current UH-1D/H main rotor blade. 

It is further recommended, however, that advantage be taken 
of the unique ability of the method of construction of 
Design 2 for the airfoil section to vary along the span, and 
by utilizing sophisticated dynamic analysis techniques, 
available through current advances in the state of the art, 
to optimize the blade around the UII-lH air frame and mission 
parameters.  The constraints of the current blade design do 
not allow full advantage to be taken of this structural 
concept. 

""he resulting blade could be flight tested on the UH-1H and 
would show performance benefits in addition to the cost 
benefits that have been defined. 
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APPENDIX I 

FAILURE MODES AND EFFECTS ANALYSIS 

Tables XIV through XVII provide detailed breakdowns of the 
modes of failure and their frequencies of occurrence for the 
current UH-1D/H blade and Designs 1, 2, and 3 of the expend- 
able blade concepts.  Also included in these tables are 
columns indicating the effects and consequences of the 
described failures, the methods of detection, compensating 
provisions, and ultimate dispositions.  In the last column, 
indicating the dispositions, the current blade is treated as 
both a repairable (as it is currently operated) and as an 
expendable blade. The dispositions are shown parenthetically 
for the "expendable" version. For the expendable blade 
concepts, the choices of disposition are (1) repair at 
organizational level, (2) repair at intermediate (local depot) 
level, or (3) scrap.  The repairable version of the current 
blade has two more options: (4) return to depot (continental 
U.S.) and repair, or (5) return to depot and scrap. 

The damage incidents used in the FMEA correspond to those 
given in Table H-I, page 112, of Reference 2. 
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APPENDIX II 

FIELD REPAIR ANALYSIS 

Tables XVIII through XXII present the analysis of aircraft 
downtime and organizational or intermediate level repair 
labor required to perform each repair indicated in the fail- 
ure modes and effects analyses for each of the blades.  The 
repair kits, which provide the bases for material costs, are 
also presented in these tables. 

These aircraft and labor times and material costs are used 
in the life-cycle cost analysis. 
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APPENDIX   III 

STANDARD  REPAIR  PROCEDURES 

INDEX 

1. Blend repair not requiring restoration of profile. 

2. Blend repair requiring restoration of profile. 

3. Patch repair of small fiberglass skin area. 

4. Patch repair of large fiberglass skin area. 

5. Patch repair of small aluminum skin area. 

6. Core-fill of small area. 

7. Core-fill of large area. 

Table XXIII.  Repair Kit Contents. 

Table XXIV.   Equipment List. 

Figure 51.    Inflatable Bladder in Use. 

NOTE:  A combination of two or more of the above procedures 
may be required to accomplish repair of a single 
damage incident. 
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Blend Repair Not Requiring Restoration of Profile, 

REPAIR PROCEDURE NO. 1 

1. Blend scratch, nick, gouge, chip, etc., using die, file 
and abrasive paper. 

2. Using suitable means, measure depth of rework. Continue 
with step 3 below only if depth of rework is within 
allowable limits and is shallow enough not to require 
restoration of original profile.  If profile must be 
restored, accomplish Repair Procedure No. 2. 

3. Clean reworked area using MEK solvent and cheesecloth. 

4. Apply brushable alodine or cadmium, respectively, to 
reworked aluminum or steel. Omit this step if material 
being reworked is stainless steel, titanium, or fiber- 
glass. 

5. Touch up repair area using aerosol cans of zinc chromate 
primer, black paint, and brown paint, as required. 
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Blend r.epair Requiring Restoration of Profile 

REPAIR PROCEDURE NO. 2 

1. Blend scratch, nick, gouge, chip, etc., using die, file 
and abrasive paper. 

2. Using suitable means, measure depth of rework.  Continue 
with step 3 below only if depth of rework is within 
allowable limits. 

3. Clean reworked area using MEK solvent and cheesecloth. 

4. Apply brushable alodine or cadmium, respectively, to 
reworked aluminum or steel.  Omit this step if material 
being reworked is stainless steel, titanium, or fiber- 
glass. 

5. Mask area to be filled. 

6. Mix 2-part fille." and apply to damaged area using wooden 
spatula. 

7. Allow filler to cure for time specified.  Heat may be 
used to accelerate cure.  Pla^e heat lamp in a manner 
that heat rays are directed on rework  area and 
temperature at surface is within prescribed range. 

Note:  Heat blankets placed over the repair 
area with a Teflon film sandwiched 
between may also be used as a heat 
source to speed curing of filler. 

8. Contour reworked area to restore original profile,using 
hand file and abrasive paper. 

9. Touchup repair area using aerosol cans of zinc chromate 
primer, black paint, and brown paint, as required. 
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Patch Repair of Small Fiberglass Skin Area, 

REPAIR PROCEDURE NO. 3 

Note:  This repair may be utilized for 
damaged areas up to 25 sq. in. 

1. File or grind away damaged skin using power tools as 
available.  Scarf edges of reworked skin using abrasive 
paper. 

Note:  In cases where compressed air supply 
is not available, a specially ground, 
hand held scraper may be used to 
remove damaged skin. 

2. Remove paint from area surrounding scarfed edges using 
solvent and cheesecloth. 

Note:  If applicable. Repair Procedure No. 6 
"core-fill of small area" should now 
be accomplished. 

3. Cut and scarf fiberglass skin patch to fit repair area. 

4. Clean areas to be bonded using solvent and cheesecloth. 

5. Mask area to be bonded. 

6. Mix 2-part adhesive and apply to patch and reworked area 
using serrated spreader. 

7. Install patch and retain in place with hi-temp mylar 
tape. 

8. Cover with Teflon film and retain film with mylar tape. 

9. Cover with thin aluminum sheet and retain with mylar 
tape. 

10. Cover with heating blanket and retain with mylar tape. 

11. Wrap with inflatable bladder and secure with web straps. 

12. Inflate bladder to 5-10 psi using compressed air or hand- 
operated tire pump. 
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13 

Note: An alternate means of creating bond 
pressure may be employed by using a 
sandbag weight over the patch area. 

Provide electric power to heating blankets using 
auxiliary power unit (APU) or other 28 volt D.C. power 
source.  Allow adhesive to cure, maintaining prescribed 
cure conditions for time specified. 

14 

15 

16 

Remove bladder, aluminum sheet, etc 
excess adhesive at patch edges. 

and sand smooth 

Touch up repair area using aerosol cans of black paint 
and brown paint, as required. 

Refer to repair versus blade balance chart.  Remove 
specified number of balance washers from either or both 
blade tip locations, as indicated. 
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Patch Repair of Large Fiberglass Skin Area, 

REPAIR PROCEDURE NO. 4. 

Note;  This procedure is same as Procedure 
No. 3 except that repair area is 
greater, accounting for longer average 
time to accomplish. 

This repair may be utilized for damaged 
areas up to 125 sq. in. 
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Patch Repair of Small Aluminum Skin Area 

REPAIR PROCEDURE NO, 

Note:  This repair may be utilized for 
damaged areas up to 2^ inches in 
diameter or oblong areas 1 inch 
by 4 inches. 

1. Draw a circle around the damaged area just large enough 
to encompass damage. 

2. Remove skin just inside the circled area, disturbing the 
honeycomb core as little as possible.  It is desirable 
to heat the cutout disc to 200oF (max.) and lift out the 
disc of skin while heated. 

3. Deburr edges of hole, making sure skin is free of 
scratches and nicks. 

4. Remove paint from repair area with clianer.  Dry with a 
clean cloth.  Do not allow cleaner tr enter the blade. 

5. Prepare a patch MO cover the hole that will overlap by 
0.75 inch.  Patch may be fabricated from 2024-T3 aluminum 
0.020 inch thick, and large enough to overlap the hole 
at least 0.75 inch all around the perimeter.  Deburr and 
blend out edges.  Sand the bond area of the patch and 
blade with 400 grit paper. 

6. Clean bond area on patch and blade with clearer.  Dry 
with a clean cloth. 

7. Apply adhesive to patch area around hole and patch. 
Apply patch to blade, moving patch slightly under pres- 
sure, to make sure voids in bond are expelled.  Blend 
out excess adhesive. 

8. Cover with Teflon film and retain film with mylar tape. 

9. Cover with thin aluminum sheet and retain with mylar 
tape. 

10.  Cover with heating blanket and retain with mylar tape. 

1B4 
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11. Wrap with inflatable bladder and secure with web straps. 

12. Inflate bladder to 5-10 psi using compressed air or hand- 
operated tire pump. 

Note: An alternate means of creating bond 
pressure may be employed by using a 
sandbag weight over the patch area. 

13. Provide electric power to heating blankets using 
auxiliary power unit (APU) or other 28 volt D.C. power 
source. Allow adhesive to cure, maintaining prescribed 
cure conditions for time specified. 

14. Remove bladder, aluminum sheet, etc., and sand smooth 
excess adhesive at patch edges. 

15. Touch up repair area using aerosol cans of black paint 
and brown paint, as required. 

16. Refer to repair versus blade balance chart.  Remove 
specified number of balance washers from either or 
both blade tip locations, as indicated. 
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Core-Fill of Small Area. 

REPAIR PROCEDURE NO. 6 

Note:  This repair supplements Repair 
Procedure No. 3, when required. 

To the extent practicable, remove damaged honeycomb 
using knife and scissors. 

Mix 2-part adhesive and apply to reworked core area 
using wooden spatula. 

Place heat source in a manner that heat is directed on 
rework area and temperature at surface is within 
prescribed range.  Allow adhesive to cure for time 
specified. 

Contour reworked area to restore original profile using 
abrasive paper. 
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Core-Fill of Large Area. 

REPAIR PROCEDURE NO. 7 

Note:  This procedure is same as Repair 
Procedure No. 6, except that 
repair area is greater, account- 
ing for longer average time to 
accomplish. 

This repair supplements Repair 
Proceaure No. 4, when required. 
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APPENDIX IV 

UH-1H ROTOR BLADE DESIGN COST COMPARISONS 

The following cost model values are being supplied by the 
Government to standardize the various rotor blade comparisons, 
The current UH-1H rotor blade values are listed together with 
values of the candidate blade that are considered relatively 
insensitive to variations in design.  Where values of the 
candidate blade are not supplied, they are to be developed by 
the Contractor for use after approval by the Government 
Contracting Officer. 

Blade Life Hours 
Aircraft Life Hours 
Aircraft Fleet Size 
Aircraft Attrition 
Blade Set Attrition 
Time of Blade Initiation 
Cost of One Blade 
Experience Curve Position 
Blade Spares Inventory 
% Inherent Damage 
% External Damage 
Blade Time Berween Inherent 
Damage 

Blade Time Between External 
Damage 

Repair Performance Degradation 
Cost Field, Org. Mil. Labor 

Per Hour 
% Military Labor, Field 
Field Overhead & Support Cost 
MMH Each Blade Removal 
MMH Disposition, Inspect 
MMH Repair, Field 
Parts Material Cost/Repair(Fid) 
GSE, Tooling Cost/Repair (Fid) 
MMH Obtain Replacement Blade 
MMH Ops, Inventory, Requisition 
MMH Blade Installation 
% Field Repairs Require Removal 
% Removed Blades Scrapped, Org. 
% Removed Blades Repaired, Org. 
% Removed Blades to Depot 

Repair 
% Depot Received Blades 
Scrapped 

Current UH-1 Candidate 

2500 _ 

5000 Same 
500-1000-2000 Same 
Zero Same 
.0003/Flight Hr. Same 
Original Production Same 
$3000 - 

10,000 Blades Same 
30% of Installed - 

29.2% - 

70.8% - 

547 Hours - 

400 Hours Same 
Zero Same 

$4.00 
100% 
Zero 
3.75 
1.5 

$5.00 
Zero 
3.0 
3.0 
3.75 
100% 
30% 
12% 

58% 

68% 

Same 
Same 
Same 
Same 
Same 

Same 
Same 
Same 
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Current  UH-1 Candidate 

Surface, 

Surface, M-T 

% Depot Received Blades 
Overhauled 

Shipping, 8000 Mi, 
Blade 

Shipping, 8000 Mi, 
Container 

Rotor Blade Container, Reusable 
Preparation for Shipping, Field 
% Surface Shipping to CONUS 
% Mil Air Shipping from CONUS 
8000 Mi Mil Air Shipping 
% Civilian Labor, Depot 
Composite Civilian Labor Cost, 

Per Hour 
Blade Overhaul Cost, Depot 
Depot Overhead & Support Cost 
MMH Receive, Unpack, Depot 
MMH Inspect (100% of Rec'd), 

Depot 
MMH to Dispose of Scrap, Depot 
Preparation for Shipping, 
Depot 

Shipping Containers Required 

32% 

$90 

$45 
$200 
$70 
100% 
100% 
$130 
j.00% 

$12 
$925 
Zero 
1.0 

1.5 
.5 

$70 
30% of 

Same 

Same 
Same 
Same 
Same 
Same 
Same 
Same 

Same 

Same 
Same 

Same 
Same 

Same 
Installed 

NOTES: 

Develop RiD, prototype and production candidate blade 
costs, determine learning curve equation, assume previous 
production of 10,000 units and establish cost at 10,000th 
unit for use in cost model and comparison with current 
UH-1H blade. 

Conduct 3 separate cost runs for each fleet cize, 500 - 
1000 - 2000. 

Aircraft utilization is 500 hours/year for 10 years, 
5000 hour life. 

Zero aircraft attrition permits the fleet size to remain 
constant throughout the analyses.  Replacing the blade 
sets at a rate of .0003/flight hour accounts for the new 
sets of blades required as a result of attrition. 
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External damage is further characterized by the following 
rates: 

Battle Damage 16.0% 
Dent 25.4% 
Foreign Object Damage 16.0% 
Puncture 18.8% 
Tear 8.0% 
Overstress 15.8% 
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APPENDIX V 

DEVELOPMENT PLAN FOR EXPENDABLE MAIN ROTOR BLADES 

INTRODUCTION 

This appendix presents the plan for development of the recom- 
mended expendable main rotor blade concept.  The proposed 
plan includes sufficient test substantiation to justify 
preliminary service trials of the blade on a quantity of 
UH-1H helicopters in simulated field conditions.  It is 
intended that this program will provide sufficient background 
and experience in the application and use of expendable rotor 
blades that this general concept may be made a requirement 
on future Army procurements involving large quantities of 
rotor blades. 

DISCUSSION 

The following development plan is presented for the purpose 
of demonstrating in service the principles of the expendable 
main rotor blade and the savings that are attainable with 
this concept.  The plan provides for sufficient test and 
substantiation of the blade to permit flying of a quantity 
of blades by service pilots for the purpose of obtaining an 
evaluation of the design under field conditions.  The com- 
plete plan evaluates all aspects of the application of 
expendable blades to a fleet of helicopters including 
virtually all of the economic influences. 

DEVELOPMENT PLAN 

The plan includes six basic phases:  design and analysis, 
tooling, bench test, whirl test, flight test, and service 
evaluation.  A detailed description of each of these phases 
follows. 

It should be noted that the tooling and fabrication costs are 
based on Design 2 (Figure 3) of the study, the formed sheet 
stainless steel concept.  These costs would be somewhat less 
for Design 1. 
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Design and Analysis 

The design and analysis phase makes maximum utilization of 
the work completed on the present program.  Detailed design 
and complete analytical support however will require further 
effort to provide complete definition.  Detailed drawings of 
all components, dynamic analysis of all significant flight 
conditions and flight loadings, and stress analysis for all 
critical conditions are included in this phase.  The analysis 
must define static strength requirements for limit-load con- 
ditions and also fatigue strength requirements for all steady- 
state flight conditions. 

Tooling 

The tooling designed for this program should be permanent 
tooling capable of producing a quantity of blades at a low 
rate.  Automation of processing is not justifiable at this 
time.  The approach should anticipate a significant amount 
of skilled hand labor and should therefore minimize the 
number and complexity of tools.  Following fabrication, the 
tools should be evaluated in terms of the quality of the 
product they produce by destructive test of a sufficient 
quantity of blades or components to demonstrate a high level 
of consistent quality.  Destructive test of at least four 
samples of each bond joint is anticipated.  Tooling developed 
here should provide an excellent basis for the design of 
hard production tools on a subsequent program. 

Bench Test 

This phase of the program provides for static and fatigue 
test substantiation of the blade structural design.  The 
static test plan will include application of limit loads to 
a blade root specimen including the root reinforcement, the 
transition section, and a short length of basic outboard 
airfoil section.  This test should include centrifugal force, 
flatwise bending, and edgewise bending.  After achieving 
limit load, the specimen will be unloaded and then loaded to 
failure. 

Fatigue tests of at least two root specimens and two outboard 
basic airfoil sections are anticipated.  The blade root 
specimens will be similar to that used for the static test, 
and will have vibratory flatwise and edgewise bending super- 
imposed on a steady centrifugal force.  One test will be run 
out to 10^ cycles at a load level representing high speed 
level flight, and the other will be tested at high vibratory 
levels to failure.  After run-out, the lower stress specimen 
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will   be   typically   damaged   and   the   tost   repeated   to   failure. 
One   outboard   specimen   shall   be   tested   in   flatwise   bending   and 
one   in  edgewise  bending,   at   vibratory   moments   representative 
of   high   speed   level   flight.      After   achieving   107   cycles,   each 
specimen will   receive   typical   service  damage  and  will   then be 
retested   to  determine   damage   tolerance   and   crack   propagation 
rates. 

Whirl  Test 

A pair of new rotor blades should be whirl tested for 150 
hours with representative cyclic and collective control in- 
puts.  Following completion of this test, a demonstration of 
the survivability of the design should be undertaken.  This 
would include inflicting damage statically to the blade, 
rotating it, and evaluating the resulting unbalance, out-of- 
track, or other behavior.  The result of this behavior on a 
flight vehicle should be estimated. 

Flight Test 

Flight test of the expendable main rotor blade concept should 
include a strain survey, limited structural demonstration, 
flying qualities, and performance evaluation.  The strain 
survey should cover all portions of the flight envelope that 
are important to an assessment of the fatigue life of the 
rotor blade including the maneuver spectrum.  Structural 
demonstrations should be flown in such a way as to demonstrate 
only the approved load factor-airspeed flight envelope of the 
UH-1H helicopter with adequate build-up to insure that blade 
loads and stresses are within the strength capabilities of 
the blade.  General flying qualities, vibration and perfor- 
mance should be compared to published data for the present 
UH-1H blade. 

At the end of the flight test program, a data review and 
analysis phase is included.  This phase is to review data 
from all phases of the program and evaluate the suitability 
of the expendable main rotor blade for flight by service 
pilots in an accelerated service evaluation.  One of the key 
elements in this evaluation will be a calculation of the 
fatigue life of the blade for the UH-1H flight spectrum.  Any 
deviations from this spectrum anticipated in the accelerated 
service trials shall also be investigated.  A report with 
recommendations for future effort shall be produced as a 
result of this phase. 

Service Evaluation 

The service evaluation of the expendable main rotor blade 
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TABLE XXVIII. DEVELOPMENT COSTS- -EXPENDABLE MAIN ROTOR BLADE 

TASK ESTIMATED COST 

1. DESIGN AND ANALYSIS $     125,000 

2. TOOLING 358,000 

3. BENCH TEST 185,000 

4. WHIRL TEST 83,000 

5. FLIGHT TEST 317,000 

6. SERVICE EVALUATION 119,000 

TOTAL $1,187,000 
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RECOMMENDATIONS 

It is recommended that the development plan defined here 
be undertaken for the purpose of demonstratinq the feasi- 
bility, practicality, and cost effectiveness of the expend- 
able main rotor blade concept.  As a result of conducting 
this program, it will be possible for the Army to specify 
with confidence the characteristics that are attainable in 
future rotor blades and the benefits that will be derived 
through this approach. 
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